部分薄層化LAPS構造の開発と化学イメージングおよび複数試料分析への応用 by チューン ホアン アン
Development of Partially-thinned LAPS
Structures and Their Applications to Chemical
Imaging and Analysis of Multiple Samples





Development of Partially-thinned LAPS Structures and Their 









Thesis submitted for the degree of Doctor of Philosophy 
 
by 
Hoang Anh Truong 
 
Date of submission 
March 2018 
 















The development of biochemical sensors responds to the demand of biochemical analysis in 
various fields. Semiconductor-based field-effect biochemical sensors have generated 
considerable research interest in quantitative analysis of chemical and biological analytes in 
environmental monitoring, clinical diagnosis and drug screening platforms. They have 
advantages of compact size, fast response and possibility of low-cost fabrication. The 
chemical imaging sensor based on the principle of the light-addressable potentiometric sensor 
(LAPS) has been a key technique for detecting the distribution of target ions in the sample on 
its sensing surface for some decades, which is expected to be an effective detection tool for 
chemical and biochemical analytes. In addition, the chemical imaging sensor based on the 
principle of LAPS is considered as a highly potential multi-analyte, multi-sample sensor due 
to its possibility of spatially resolved detection of ion concentration on its sensing surface 
addressed by a focused light beam. 
The spatial resolution and the measurement speed are both very important to the 
performance of the chemical imaging sensor, and much effort has been focused on improving 
them. It has been demonstrated that a thin sensor plate could achieve a higher resolution 
because of the restriction of carrier diffusion. It has been also demonstrated that a thin sensor 
plate could improve the signal-to-noise ratio at higher frequencies, which would be 
advantageous for high-speed measurements. However, the fragileness of a thin sensor plate 
is a problem for practical applications, where not only solutions but also various types of 
samples are to be brought into contact with the sensing surface. In this thesis, new structures 
of LAPS, which are advantageous in the spatial resolution, the measurement speed as well as 
the mechanical strength, are demonstrated. Furthermore, its applications and benefits in 
measuring a plurality of liquid samples on a single sensor plate without the need of additional 
multi-chamber structures are investigated. This sensor can be applied to environmental and 
industrial analysis as well as biomedical applications, where a plurality of biological samples 
must be incubated under the same conditions. 
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Partially-etched structures of the LAPS sensor plate, which strikes a balance between the 
imaging performance and the mechanical strength of the sensor plate, were fabricated by 
optimization of an anisotropic etching process based on tetramethylammonium hydroxide 
(TMAH). Accordingly, based on the improvement of the newly fabricated partially-etched 
LAPS sensor plate, a multi-well LAPS sensor plate was developed, which functions as an 
integrated array of pH sensors. A SiO2 film was formed on the partially-etched substrate as a 
pH sensing surface. Each well can be loaded with a few μL of solution to be individually 
analyzed. The different pH solutions were used to investigate the variation of the sensor 
sensitivity. As an application to biological samples, the metabolic activities of Escherichia 
coli (E. coli) was investigated by measuring the extracellular acidification of different E. coli 
concentrations. 
As a result, there are two impact results obtained in this thesis: 
1. Development of a partially-etched sensor plate. A LAPS sensor plate with a 
partially-etched structure was newly fabricated and realized a high signal-to-noise ratio, 
high-resolution and high-speed measurement while maintaining the overall mechanical 
strength. Thanks to the partial etching, the spatial resolution was improved from 40 to 
20 μm. The enhanced photocurrent in the etched region is obtained as a result of 
reduced loss of carriers due to the shorter travelling distance of photocarriers by 
diffusion, which leads to an improvement in high-speed chemical imaging due to the 
broader bandwidth. This structure was further developed into a multi-well LAPS which 
is not only advantageous for higher photocurrent and higher spatial resolution but also 
high-throughput measurement in comparison to the conventional flat LAPS sensor plate.  
It is capable of measuring a plurality of sample solutions on a single sensor plate 
without the need for additional multi-chamber structures, e.g., due to multiple wells on 
the sensing surface. 
2. Applications to chemical imaging and analysis of multiple samples . The device can 
be applied, for example, to quantification of metabolic activities and imaging of 
biological samples incubated in the well, and to multi-analyte sensing of metabolism 
and screening of cells cultured inside different wells. Measurement of different 
concentrations of E. coli on a single sensor plate has clarified the different acidification 
rates by growing cells. Furthermore, to simplify the sample dispensing mechanism, a 
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1.1. Overview of the study 
A chemical sensor is defined as a device that is capable of providing analytical information 
such as concentration and quantity about a particular target of chemical substances.[1] Possible 
applications in various areas are environmental monitoring, clinical diagnosis and drug 
screening. An ideal chemical sensor is portable, inexpensive, short-response, high-accuracy, 
high-sensitivity and capable of instantaneous detection. [1] In this respect, the majority of the 
research activities have been focused to develop the hardware, modify the sensor surfaces and 
miniaturize the chip size. Meanwhile, semiconductor has become a key factor as a material 
of chemical sensors. Semiconductor-based sensors can be fabricated using mature techniques 
from the novel nanotechnology platforms. So far, silicon-based sensors are still the most 
powerful component of the semiconductor segment with the attractive features such as 
controllable electronic response, high sensitivity, reproducibility, mass production ability and 
affordable cost. The use of other materials such as GaN and AlN are also very potential 
candidates for high-power and high-frequency applications.[2] 
A chemical sensor is formed by two basis parts: a receptor element, which responds to 
particular analyte molecules, and a physicochemical transducer, which converts the chemical 
information into analytical information as shown in Figure 1.1. Electrochemical sensors for 
aqueous samples are based on electrochemical transduction methods. The signal responses 
are determined by the surface configuration that links with ion distribution and electron-
transfer reactions. Electrochemical sensors include two types: amperometric and 





potentiometric. Amperometric sensors are used in detection of ions based on the electric 
current due to the reduction and oxidation reaction of an electroactive species when a potential 
is applied. On the other hand, in potentiometric transduction, ion charges can be determined 
based on the ion-transfer processes occurring at the interface of ion-sensitive membrane and 
the test solution. Due to the interaction with the analyte, the ion distribution on the membrane  
results in the electric charge distribution and potential difference.  
Light-addressable potentiometric sensor, the central technique in this thesis, is one type of 
semiconductor-based sensor, which was first invented by D. Hafeman et al. in 1988.[3] LAPS 
is able to visualize the distribution of target ions in a sample on its sensing surface in a 
spatially resolved manner.[4–7] LAPS chips have a simple structure that requires only insulator 
layer and an ohmic contact on the front side and back side of the semiconductor.[3] This is a 
great advantage for multi-well sensors for chemical imaging and analysis of different samples 
by separating plurality of sensing areas.[5,8,9] However, one drawback of the LAPS-based 
chemical imaging sensor is the limitation of read-out speed and spatial resolution determined 
by single light beam and a scanning mechanism. [5,10] This thesis focuses on the study of the 
performance improvements of LAPS for chemical imaging and applications for multi-well 
sensor array. One of the key techniques for the sensor performance improvement is the partial 
thinning of the sensor plate, which reduces carrier diffusion. 
To promote the understanding of field-effect sensors, this chapter includes an overview of 
the main properties of semiconductor-based field-effect sensors in Section 1.2, especially 
LAPS in Section 1.3. Later, an anisotropic etching process for the partially-etched structure, 
which is advantageous in performance improvement, is discussed in Section 1.4. 
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1.2. Semiconductor-based field-effect sensors 
Field-effect chemical sensors attract much attention in chemical and biological analysis, 
environmental monitoring due to their outstanding features such as the high-sensitivity 
detection, fast response, compact size and low-cost manufacturing.[1] Ion-sensitive field-
effect transistor biosensor was first proposed by P. Bergveld in 1970, which has opened great 
developments of chemical and biosensors based on the detection of potential difference 
according to the activities of the target ion.[11,12] 
There are 3 types of field-effect sensors: ion-sensitive field-effect transistors (ISFETs), 
electrolyte-insulator-semiconductor (EIS) sensors, light-addressable potentiometric sensors 
(LAPS).[3,11–14] The ISFETs, EIS sensor and LAPS are known as the basic structures of 
potentiometric sensors which are sensitive to the electrical charges at their interfaces or 
sensing surface. Figure 1.2 summarizes the sensor structures, equivalent circuits and sensing 
mechanisms of ISFETs, EIS and LAPS sensor. We can see they share the same field-effect 
structure that is made of three components: an electrolyte, an insulator and a semiconductor, 
in which the insulator serves as the sensing surface. This structure is similar to a conventional 
metal-insulator-semiconductor structure but the electrolyte containing target ions to be 
measured has replaced the metallic gate. The electric field generated by the bias voltage 
between the metal and semiconductor, will control the charge distributions responding to the 
ion concentrations.[1,15] 
The structures of ISFETs, EIS and LAPS sensor with their different ways of signal readout 
are shown in Figure 1.2. Their simplified circuit models and their different output signal 
readouts are described as follows: 
1. For the ISFET, the drain current-gate voltage curves shift with the surface ion 
concentration. In this case, the surface potential changes the thickness and conductance 
of the inversion channel at the insulator-semiconductor interface by the effect of 
electric field. 
2. For the EIS sensor, the capacitance-voltage curves shift with different input analyte 
concentrations. The surface charges modulate the capacitance of EIS sensor. 
3. For the LAPS, the photocurrent-voltage curves shift with the ion concentration of the 
solution. The surface potential changes the thickness and the capacitance of the 
depletion layer at the insulator-semiconductor interface. 





Based on these different sensing methods, ISFETs, EIS and LAPS sensor can detect the 
analyte concentration or the compositions serving in many applications. Sensor multiplexing 
can be developed to serve as multi-sensor arrays based on the LAPS structure.[14,16,17] The 
localized surface potential can be detected in a spatially resolved manner with LAPS. One of 
the attractive points of the field-effect sensors is the possibility of manufacturing by using the 
conventional microfabrication technologies such as: thermal oxidation, deposition, 
photolithography and etching. It also brings the advantages of small-size sensors and low-
cost fabrication. As a result, the three kinds of sensors have been applied in various fields as 
biotechnology, drug screening and environmental monitoring such as following types of 
(bio-)chemical sensors: 
⚫ The first application of ISFET as a pH sensor was developed by Bergveld. The 
insulator of silicon dioxide contacts directly with the solution. The silanol sites at the 
silicon dioxide can undergo various reactions with acid or alkaline.[11,12] 
⚫ Various molecules can be detected based on the immobilization of different enzymes. 
For example, FETs, EIS sensor and LAPS showed the same sensitive characteristics 
based on of enzyme penicillinase.[11,12] 
⚫ An integration of field-effect sensor and micro-fluidic channel allows detection of 
chemical reactions in a small volume of solution in a real time.[18][19]  
 















1.3. Light-addressable potentiometric sensor (LAPS) 
1.3.1. Detection principles and application 
Light-addressable potentiometric sensor (LAPS) is a semiconductor-based field-effect sensor 
that was first introduced by Hafeman et al. in 1988. LAPS has drawn much attention as a 
sensor which is able to detect the ion concentration at discrete locations in an analyzed 
solution.[3,5,6,8,15,20] Figure 1.3 describes a conventional type of LAPS which consists of a 
doped semiconductor coated with an insulator and a sensitive layer in contact with the 
analyzed solution. LAPS detects the width and the capacitance of the depletion layer that 
varies with the surface potential which is a function of the ion concentration in the solution. 
An appropriate bias voltage is applied across the sensor plate with respect to a reference 
electrode in the solution, thereby a depletion layer is formed at the interface of the insulator 
and semiconductor. A modulated light illuminates the semiconductor sensor plate to generate 
a photocurrent signal in order to read out the capacitance change. Electron-hole pairs are 
photogenerated by an illuminated light, and under the effect of the electric field inside the 
depletion layer, the electrons-hole pairs are separated, resulting in a transient current. By 
using a continuously modulated light, an alternating photocurrent, which is a function of the 
surface potential, can be detected in the external circuit. The ion concentration can be 
determined by measuring the amplitude of the alternating photocurrent.  
The excitation light for LAPS can be directed to the front-side or back-side. In the case of 
front-side illumination, the light will go through the insulator layer. The excitation of excess 
carriers can occur close to the semiconductor-insulator interface. On the other hand, in the 
case of the back-side illumination, the excitation of excess carriers occurs mostly in the bulk 
semiconductor and the charge carriers need to diffuse to the depletion zone at the 
semiconductor-insulator interface. A part of photogenerated carriers are recombined in the 
semiconductor bulk or during the way reaching the depletion zone. Only a part of the excess 
carriers which could diffuse through the semiconductor to the depletion zone are separated 
under the effect of the electrical filed in this region. As a result, the amplitude of photocurrent 
in the case of front-side illumination can be higher than that of the back-side illumination. 
However, the illumination light might be absorbed and scattered by the samples on the sensing 
surface. Therefore, a backside illumination is more often used. In this research, the 
improvement of LAPS performance is mostly based on this principle.[21–23] 





Some important parameters are spatial resolution, pH sensitivity, stability, reproducibility, 
life-time, etc. The spatial resolution will be discussed in 1.3.2. The pH sensitivity is defined 
as the change of the potential at the electrolyte-insulator interface corresponding to the pH 
change of the solution. pH sensitivity is explained in terms of a modified site-binding model, 
which is based on the presence of two types of sites: amine (SiNH), and silanol (SiOH) on 
the surface. 
Some advantages and disadvantages of LAPS-based chemical sensors can be listed as 
following: 
⚫ LAPS has many advantages to be useful for analysis of biological and electrochemical 
system. First, LAPS can be expected as a long-term durable, low-cost and disposable 
sensor because a LAPS sensor plate has a simple structure, which requires only the 
semiconductor substrate having an ohmic contact and an insulator layer. Further wire 
bonding or sophisticated microfabrication is not required. Secondly, for measuring 
large-size samples, it is possible to use a whole wafer as a sensor plate as the number 
and position of pixels are not predefined and fixed depending on sensor types. Thirdly, 
the integration of LAPS and microfluidic system is a promising trend since the sensor 
surface is flat. 
⚫ Thanks to the light-addressability, LAPS has become a key technique for the analysis 
of electrochemical systems. One of the most preferable application, the LAPS based 
pH–imaging sensor has been applied to quantitative measurement of ionic diffusion in 
solutions.[24]. The chemical imaging sensor is also able to detect and visualize the 
activities of biological systems such as Escherichia coli colonies by the pH changes 
during the metabolic process.[25] Similarly, LAPS device can couple with enzymes on 
the sensing surface that produce pH changes. Another label-free detection method is 
the detection of DNA (deoxyribonucleic acid) hybridization.[26] Besides, the 
visualization of enzymatic reaction in a microfluidic channel can be achieved by 
combining LAPS with a microfluidic system.[18] 
⚫ Some disadvantages of the LAPS- based chemical imaging sensor are the requirement 
of the additional system such as a light source and a mechanical XY-stage. They can 
limit the read-out speed while a single light beam is used to scan the sensor plate in a 
pixel-by-pixel manner. 
 





Figure 1.3 Configuration of a LAPS. 
 
1.3.2. Spatial resolution improvement based on the sensor structure 
The spatial resolution is an important performance parameter and much effort has been 
focused on its improvement. Besides, the spatial resolution is controlled by the other 
parameters like light intensity and light wavelength.[5] Here, the dependence of the spatial 
resolution is discussed in relation to the semiconductor parameters rather than light-source 
parameters. As introduced in 1.3.1, LAPS set-ups utilize the back-side illumination method 
in most cases. In this case, the recombined electron-hole pairs will not contribute to the 
amplitude of the photocurrent. Photogenerated charge carriers diffuse in both the longitudinal 
and lateral directions. Accordingly, the less lateral diffusion occurs, the better spatial 
resolution can be obtained. 
The illuminated light defines the scanning range, measurement speed, the amplitude of 
photocurrent and the spatial resolution. Figure 1.4(a) shows the carrier diffusion model for 
the case of backside illumination when ∆p is the concentration of the excess minority carriers 







= 0 (1. 1) 
where 𝑧 is the diffusion distance, 𝐷p is the minority carrier diffusion coefficient, 𝜏p is the 
minority carrier life time. In this case, there is no light absorption for 𝑧 > 0.  
From equation 1.1,  
 











2 (1. 2) 






 (1. 3) 
The ratio between the excess minority carrier concentration at the depletion layer (𝑧 = 𝑑) 





The spatial resolution can be defined by the displacement 𝑥 = √𝐿p(𝐿p + 2𝑑), where the 
ratio = 1/e. It is obvious that the spatial resolution depends on 𝐿p and 𝑑. 
When the semiconductor thickness is extremely small (𝑑 ≪
1
2
𝐿p), the spatial resolution is 
given by 𝐿p, which depends on the material characteristics such as the mobility, and lifetime 
of the carriers. The use of semiconductor materials such as GaAs or thin-film amorphous Si 
can result in a shorter diffusion length.  
From the models which compare the diffusion of photocarriers between the thick and thin 
sensor plates as shown in Figure 1.4(b), a thin sensor plate can obviously obtain higher spatial 
resolution as well as larger photocurrent magnitude. Therefore, the thickness of Si substrate 
is an important factor for the improvement of the spatial resolution of a LAPS. In this thesis, 
a new structure of LAPS device for the performance improvement based on this principle is 
demonstrated  
Figure 1.4  (a) Dependence of the spatial resolution of a LAPS on its thickness. (b) Relation 
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1.4. Anisotropic partial etching process 
Silicon is the most popular semiconductor material used in production of (bio-)chemical 
sensors. Etching has been a key technique for the microfabrication which removes a part of 
the surface layer. The etching processes can be divided into dry etching and wet etching. The 
wet etching is the simplest etching technology that has been applied broadly in the fabrication 
of simple structures to more complicated three-dimensional microstructures, for example, the 
microfluidic systems.[19] In this thesis, anisotropic wet etching is considered as the main 
technique for the partial etching process of the LAPS sensor plate. 
In an anisotropic etching process under a strongly alkaline aqueous etchant, hydroxides 
react with silicon in the following step: 
Si +  2 OH−  +  2 H2O →  Si(OH)4  +  H2  →  SiO2(OH)2
   2−   +  2 H2 
Liquid etchants etch crystalline silicon materials at different etching rate depending on the 
crystalline plane. The etching  process can result in flat walls with a 54.7° angle between  Si 
(100)  and (111) planes as depicted in Figure 1.5 and the etched wall is flat.[27] 
To choose a suitable etchant, there are many parameters that need to be considered to have 
a high producibility but low environmental risk. The following conditions are mostly 
considered: etching rate, desired roughness of the etched bottom surface, etch stop, etch 
selectivity, mask material, process complexity, compatibility, human effect and toxicity. Most 
of silicon etchants can be separated as alkali hydroxide (such as KOH, NaOH), ammonium 
hydroxide (ammonium hydroxide NH4OH, tetramethyl ammonium hydroxide (TMAH)) and 
ethylene diamine pyrocatechol (EDP). Firstly, alkali metal hydroxide etchants such as 
potassium hydroxide (KOH) water solution are still used because of its high silicon etching 
rates and anisotropic etching capability and low cost. Unfortunately, KOH is found to be able 
to expose contaminations of mobile alkali metal ions. Secondly, EDP is even a commonly 
used etchant for the anisotropic etching of single crystal silicon and applied to silicon 
micromachining. However, EDP can affect human health, especially the inhalation hazard, 
and the environment because it includes long-term-toxicity. Tetramethylammonium 
hydroxide ((CH3)4NOH) is the preferred etchant because it can achieve a fairly high silicon 
etching rate and preferable cost.[28] Therefore, TMAH solution was used as an etchant for wet 
etching process. 
When the etchant is chosen, the effects of etching parameters on the etching rate and surface 
roughness need to be considered. The etching rate of Si in TMAH depends on various factors 





of the etchant including the etching temperature, concentration. At the same time, the etched 
surface is found to be dependent on etching temperature and solution concentration.  While 
etching rate increases with the decreasing of TMAH concentration and increasing of etching 
temperature, the etched surface becomes smoother with higher concentration as shown in 
Table 1.1. A concentration of around 20 wt. % has found to give the most practical etching 
rate and to take a balance between the etching rate and the roughness. In this research, the 
etching process was carried out with TMAH concentration of 25 wt. % at 88-90°C.[29]  
The etched patterns are defined by the specific etching masks on the silicon wafer. These 
masks are deposited and patterned on the wafers using lithography prior to the etching step. 
The etching mask is selected based on the selectivity of etching rate and the feasibility of the 
mask. Hard masks usually made of low-pressure chemical vapor deposited (LPCVD) Si3N4, 
and thermally-grown SiO2 have outstanding stability in TMAH solution and low etching rate 
enough to be used as an etching mask.[30] In this research, a thin SiO2 layer which was formed 
by thermal oxidation was utilized as a mask. The desired etched regions were opened in the 
SiO2 mask by photolithography process and etching with hydrofluoric acid. 
After considering many aspects, the anisotropic etching process in TMAH solution with 
SiO2 mask was applied for the partial etching process of LAPS sensor plate. The etching 
process and etching parameters will be discussed in detail in Chapter 2, where the LAPS chip 
is partially thinned to yield high performances. 
Table 1.1 Dependence of the etching rate and the surface roughness on etching parameters.  
 High solution concentration High etching temperature 
Etching rate Decrease Increase 
Surface smoothness Increase No data 
 
 
Figure 1.5 Facets observed after etching of Si (100) by TMAH. 
 
 





1.5. Summary and outline of the work 
Field-effect chemical sensors has played important roles in quantitative and high-sensitive 
detection. There are 3 typical types of semiconductor-based potentiometric sensors: ISFETs, 
EIS sensors and LAPS. ISFETs, EIS sensors and LAPS have the same structure of electrolyte-
insulator-semiconductor but have different sensing characteristics: drain current vs. gate 
voltage characteristic, capacitance-voltage characteristic and photocurrent-voltage 
characteristic, respectively. They can detect the analyte concentration or the compositions 
serving in many applications. The three kinds of sensors have been applied in various fields 
such as biotechnology, drug screening and environmental monitoring. 
A LAPS is one typical semiconductor-based field-effect sensor which is able to detect the 
ion concentration at discrete locations in an analyte solution by using a focused light beam. 
Compared to a thick and sensor plate, a thin sensor plate can obviously obtain higher 
photocurrent magnitude and spatial resolution due to restriction of diffusion of photocarriers. 
However, a thin sensor plate is mechanically fragile and difficult to handle. 
This thesis discusses the performance improvements of LAPS for chemical imaging in 
respect to the spatial resolution and photocurrent signal. A process of anisotropic wet etching 
in TMAH solution is utilized for the fabrication of sensor plate structures which is desired for 
high-spatial-resolution and high-speed imaging of chemical species. Moreover, the 
application of measuring multiple biological samples on a same sensor plate are also proposed. 
The details are discussed in the following chapters: 
✓ In Chapter 2, an anisotropic etching process based on 25 wt.% TMAH is optimized to 
fabricate a partially-etched LAPS structure, which strikes a balance between the 
imaging performance and the mechanical strength of the sensor plate. The sensor 
fabrication process, measurement method, the improvements of spatial resolution, 
frequency bandwidth will be discussed. 
✓ In Chapter 3, a multi-well LAPS plate is developed for measuring a plurality of sample 
solutions on a single sensor plate. It is also capable of high-resolution chemical imaging 
inside the well structure. This sensor utilized the partially-etched structures in Chapter 
2 as multiple sensors with the SiO2 sensing surface. The fabrication process, 
improvement of spatial resolution and frequency bandwidth inside a well  are discussed. 
Especially, the application for measurement of multiple pH solutions with different pH 
values will be mentioned. 





✓ In Chapter 4, the multi-well LAPS plate introduced in Chapter 3 will be applied to 
quantification of metabolic activities and imaging of biological samples incubated in 
the wells. A system to prevent the evaporation of sample solutions will be introduced. 
By using this system with the multi-well sensor plate, measurement of acidification rates 
with different Escherichia coli (E. coli) concentrations at different wells on a same 
sensor plate is proposed. The extracellular acidifications due to the metabolic activity 
are determined from their potential shifts. 
✓ In Chapter 5, the multi-well-structure sensor plate introduced in Chapter 3 is combined 
with a microfluidic channel on its top. The design and the injection method for 
dispensing a solution into different wells on the multi-well sensor plate are 
demonstrated. This structure is expected to be able to distribute a sample solution with 






















2. Partially-etched structure on the backside of LAPS 
sensor plate 
In this study, a partially-etched structure of light-addressable potentiometric sensor (LAPS) 
is fabricated for high-spatial-resolution and high-speed imaging of chemical species. An 
anisotropic etching process based on tetramethylammonium hydroxide (TMAH) is optimized 
to fabricate the structure, which strikes a balance between the imaging performance and the 
mechanical strength of the sensor plate. The etched region of the sensor plate with a thickness 
of 47 μm yields a 12-fold enhancement of photocurrent signal at a high frequency of 120 kHz 
and a 10-fold frequency bandwidth in comparison with the frame region with a thickness of 
150 μm due to the reduced traveling distance of charged carriers inside the semiconductor. 
This result represents a new approach for high signal-to-noise ratio, high-spatial-resolution 
and high-speed measurement. 
2.1. Introduction 
As discussed in the previous chapter, semiconductor-based field-effect sensors have 
generated considerable research interest in the quantitative analysis of chemical and 
biological analytes in environmental detection, clinical diagnosis and drug screening 
platforms. They have advantages of compact size, fast response and possibility of low-cost 
fabrication.[13,14] Light-addressable potentiometric sensor (LAPS) is a typical field-effect 
sensor that has a structure of electrolyte-insulator-semiconductor for sensing ion 






depletion layer are modulated by the surface potential. A modulated light illuminates the 
sensor plate to generate a photocurrent signal in order to read out the capacitance change. The 
most attractive merit of LAPS is that a spatially resolved measurement is possible by focusing 
the modulated light to the point of interest.[5] 
For a LAPS-based chemical imaging sensor, the spatial resolution and the measurement 
speed are important performance parameters and much effort has been focused on their 
improvement. Conventional chemical imaging system based on the LAPS have several 
limitations on the spatial resolution due to the bulk minority charge carrier diffusion length  
or long time to obtain a chemical image with only one light beam.[22] To achieve a high spatial 
resolution, it is required to minimize the focused spot size and to reduce the lateral diffusion 
of minority carriers.[10] Werner et al. reported that utilizing a short light pulse as light 
excitation instead of a traditionally used continuously modulated light excitation, the lateral 
resolution can be improved by a factor of 6 or more. [33] A thin sensor plate is advantageous 
for higher spatial resolution due to reduction of lateral diffusion of photocarriers. [10] Nakao et 
al. investigated the spatial resolution with the simulation based on the carrier diffusion model, 
and achieved a resolution better than 100 µm by thinning the Si substrate to 100 µm. 
Additionally, they investigated the use of an infrared light with a long wavelength and a small 
absorption coefficient. Here, the light can penetrate deeper into the semiconductor substrate 
and generates photocarriers nearer to the depletion layer. [34] Nakao et al. constructed a pH 
imaging sensor with a 20-μm-thick sensor plate combined with an infrared laser beam for 
electrochemical observation of microorganisms. [7,35] George obtained higher spatial 
resolution of 15 µm by increasing the doping density and by thinning the semiconductor 
substrate.[36] There was a great deal of improvement in spatial resolution of the LAPS system 
and the pH imaging sensor with an ultra-thin Si film applying SOI technique and a visible 
laser light source. [37] In another report, silicon on insulator (SOI) substrate with a 7-µm-thick 
device layer was used with the effective diffusion length of minority charge carriers of 13 µm. 
However, the disadvantages of SOI substrate were the short durability of thin silicon 
membrane and high-cost material.[38] 
Besides, to achieve a high-speed measurement, it is required to obtain a good signal-to-
noise ratio even at high frequencies of modulation. Instead of a single light beam, the use of 
multiple light beams modulated at different frequencies was proposed for simultaneous 
measurement of different locations on the sensor plate.[39] This frequency division multiplex 
(FDM) technique allows the simultaneous measurement at different locations and results in 
faster measurement.[22] A high-speed spatiotemporal recording of pH change at a rate of 70 






side-illuminated LAPS. Once again, a thin sensor plate is again advantageous for its higher 
cutoff frequency in diffusion of photocarriers across the semiconductor substrate. [40] In 
another report of Chen et al., a thin Si substrate realized both higher photovoltage and high-
frequency ac signal. Even at frequencies higher than 50 kHz, fast scanning speed could be 
achieved by analog mirror and red laser for chemical image sensor. [41] 
A thin sensor plate is therefore advantageous for both higher spatial resolution and higher 
measurement speed.[40–42] Nevertheless, a thin sensor plate is very difficult to handle due to 
its mechanical fragileness.[38] In this study, a partially-etched structure of LAPS sensor plate 
was fabricated with an anisotropic etching process depicted in Figure 2.1. The frame region 
with a larger thickness supports the etched region with a smaller thickness. In contrast to the 
thinned substrate, the partially-etched structure can maintain better mechanical strength of 
substrate. Both reduction of lateral diffusion of photocarriers and enhancement of 
photocurrent are expected in the etched region, resulting in higher spatial resolut ion and 
higher measurement speed. Chen et al. proposed a micro blind-hole substrate to obtain higher 
photocurrent as well as a better mechanical strength of the sensor plate. [43]In this study, a 
partially-etched sensor plate was developed and examined for both high-speed and high-
spatial-resolution chemical imaging. 
 
















2.2. Mechanical strength of different structures of sensor plates 
To clarify the fragileness of different substrate structure, the mechanical strength of the 
partially-etched sensor plate and that of a sensor plate without a frame structure were 
simulated by Autodesk® Simulation Mechanical. Three types of sensor structures were 
simulated; a conventional sample with material of Si, sensing area of 14 x 14 mm and a 
thickness of 200 µm, a thinned substrate with a thickness of 50 µm, and a partially-etched 
substrate with 9 etched regions with a remaining thickness of 50 µm. In the simulation, four 
edges of the sensor plates are constrained. Liquid solution has a volume of 5 x 14 x 14 mm. 
Therefore, these three samples received the same forces at every point on the sensing surface. 
The mechanical deflection results are indicated in Figure 2.2 with the maximum deflection 
δmax. The mechanical deflection of the partially-etched sensor plate has a value close to the 
deflection of the original thick sensor plate and it was smaller than that of a thin sensor plate 
without the frame structure by a factor of 34.6. 
Therefore, it is obvious that a partially-etched structure can maintain the mechanical 
strength with the help of the frame structure. At the same time, a sensor plate with a frame 
structure is easier to handle or carry than a thin sensor plate. 
 
Figure 2.2 Simulation of mechanical deflections in 3 types of sensor plates; a thick sensor 
plate, a partially-etched sensor plate and a thin sensor plate. 
 
 
Partially etched sensor plate Thinned sensor plateThick sensor plate
δmax = 93.5 nmδmax = 2.04 nm δmax = 2.77 nm





2.3. Fabrication process of partially-etched sensor plate 
Partially-etched structures were fabricated on n-type Si (100) substrates with a size of 18 x 
18 mm2, a thickness of 200 μm and a resistivity of 10 Ωcm, coated with insulating layers of 
50 nm silicon dioxide (SiO2) and 50 nm silicon nitride (Si3N4), respectively. The main 
technique in the process is the anisotropic etching in TMAH solution. The other processes 
included thermal oxidation, photolithography and physical vapor deposition. There are 6 steps 
to fabricate the partially-etched structure on a sensor plate as shown in Figure 2.3. 
The details of each process are explained as follows: 
1. Thermal oxidation  
Si substrates were cleaned with acetone, ethanol for 5 mins by ultrasonic cleaner (Vs-
F100, AS ONE) to remove organic contamination. Then, they were dipped into 5% HF 
for 1 min to remove natural oxide layer. Figure 2.4 shows the samples after the thermal 
oxidation with different heating time. The color of these samples changed because of the 
growth of the SiO2 layer. A thin SiO2 layer was formed on the backside of the Si substrate 
by thermal oxidation at 900°C for 10 hours in air using the electric furnace (MMF- AS 
ONE, 1) with the programmed temperature shown in Table 2.1. 
 
 
Figure 2.3 Fabrication process of a partially-etched sensor plate. 
 
 






Figure 2.4 Back surface of the sensor plate before and after thermal oxidation at 900°C for 5 
h and 10 h. 
 
Table 2.1 Temperature program for the thermal oxidation process. 
Step Temperature (ºC) Time (hours) 
(ramp, hold) 
1 400 0.5, 0 
2 800 0.5, 0 
3 900 0.5, 10 
4 400 0.5, 0 
5 23 0.5, 0 
 
2. Photolithographic patterning 
To promote the photoresist adhesion, pretreatment process was required. Samples were 
rinsed with acetone, ethanol and deionized water. Then, hexamethyldisilane (HMDS) 
was applied on the SiO2 surface by using a spin coater (1H-D7, Mikasa) with a spin speed 
of 3000 rpm for 15 s. Subsequently, samples were heated at 180℃ by hot plate for 2 min 
and were cooled down till to the room temperature. After that, a photoresist film 
(AZ5214E, Merck) was applied on the SiO2 surface by using the spin coater with a spin 
speed of 200 rpm for 30 s. The samples were subsequently exposed to UV for 30 s with 
a photomask to define the partially-etched regions. This process was done inside a fume 
hood to keep samples clean.  
In this research, an aluminum photomask having different design was used for the 
patterning. There were 4 types of patterns: 1 x ϕ 6 mm, 4 x ϕ 4 mm, 9 x ϕ 2 mm, 49 x 
500 x 500 µm2. Finally, samples were dipped into developer (AZ 351B, Clariant) for 70 
s and baked at 140°C for 15 min. As a result, a photoresist film with a thickness of about 
2 µm could be formed on the SiO2 surface. 
3. HF etching  
The sample was continuously soaked in 5% HF until unmasked SiO2 was removed. 
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4. Protection wax 
A glass plate was glued onto the Si3N4 surface by protection wax (KPW-A, Nikkaseiko) 
at 180°C to protect the sensor surface from the etchant.[28,29]  
5. Anisotropic etching 
The sensor plate was then partially etched anisotropically in 25 wt.% 
tetramethylammonium hydroxide (TMAH) (Kanto Kagaku Co., INC) at a temperature of 
90 ± 2°C.[28,50] The flask containing the etching solution was sunk into a hot water bath to 
minimize the deviation of the temperature as shown in Figure 2.5. The hot plate 
temperature was set to keep the inner solution at 90 ± 2°C. During the etching process, 
aluminum foil was used to wrap the flask to reduce the heat exchange. 
Figure 2.6 shows the relation of etching time and etching depth. We can see the etching 
depth increases together with the etching time, and the etching rate was 42.3 µm/hour. In 
this research, the etching depth was about 150 µm to leave a remaining thickness of about 
50 µm. The necessary etching time was 3.5 hours.  
After etching, the sample was rinsed with xylene, acetone, ethylene, HF and deionized 
water to remove wax, SiO2 mask and other organic contaminations, respectively. Figure 
2.7 shows the optical photos of a sample with 1 etched region (ϕ 6 mm) after the 
lithography, HF etching and anisotropic etching. The etched region, which has black color, 
has the same shape as the resist pattern but the boundary between the etched and the frame 
region was inclined due to the different etching rates of silicon planes.  
6. Evaporation of Au/Ti 
Finally, thin layers of Au and Ti with the width of 1-1.5 mm were evaporated on two 
edges of the sample by physical vapor deposition to form the ohmic contacts.  
 
 






Figure 2.5 (a) Apparatus used for anisotropic etching of Si by 25% TMAH at 90 ± 2°C and 
(b) the view of the etching set-up. To be safe, heating system including hot plate, water tub 
and flask were put inside a fume hood. 
 


















































Figure 2.7 Optical images of the back surface of a LAPS sensor plate (a) after forming a 
circular opening in the resist film by photolithography, (b) after removing SiO2 inside 
the circular opening by 5% HF followed by removal of the resist film, and (c) after 
anisotropic etching of Si by TMAH. 
 
2.4. Measurement method 
⚫ Measurement system 
The measurement system is used for modulation frequency lower than 10 kHz schematically 
shown in Figure 2.8. A bias voltage in the range of -3.0 V to +3.0 V is applied across the 
sensor plate with the help of a Ag/AgCl reference electrode (RE-1B, ALS Co., Ltd) and a 
multifunction I/O device (USB-6341, National Instruments). The collected signal is amplified 
with a current amplifier (LI-76, NF Corporation) and acquired by multifunctional I/O device. 
For modulation frequencies higher than 10 kHz, the collected signal is amplified with a 
wideband current amplifier (AS-604F2, NF Corporation) and acquired by STEMlab125-10 
(Red pitaya), which is able to acquire the signal at a sampling rate up to 125 MS/s  as the 
schematic in Figure 2.9. The modulated light has a wavelength of 830 nm and is modulated 
at a frequency between 100 Hz and 300 kHz in the experiment of frequency characteristic.  
 
  






Figure 2.8 Measurement system for modulation frequencies lower than 10 kHz. 
 
 
Figure 2.9 Measurement system for modulation frequencies higher than 10 kHz (used in the 
measurement of frequency characteristics). 
 
⚫ Evaluation of spatial resolution 
In literature, there have been mainly two different ways of evaluating the spatial resolution 
of LAPS measurement. One of the methods to define the spatial resolution of a LAPS sensor 
is the evaluation of the object size that photocurrent image can visualize. The patterns with 












































made from a thin layer of resist AZ 5214E with the thickness of 2 µm. A chrome mask with 
different lines and spaces with various widths of 10 µm, 20 µm, 30 µm, 50 µm, 100 µm, 300 
µm was used. The sensing surface with different patterns was observed under optical 
microscope as shown in Figure 2.10. The sizes of the resist patterns were different from their 
sizes in the chrome mask due to error during the photolithography process.  
Another spatial resolution evaluation is based on the lateral distance in which the 
photocurrent decays from 60% to 40% of the maximum value. In this case, a test pattern made 
of 50-μm-wide stripe made of resist AZ 5214E was formed on the sensing surface by 
photolithography. The solution used for these evaluations was pH 7 buffer (Titrisol, Merck). 
 
 
Figure 2.10 Test pattern with different widths of resist stripes formed on the sensing surface 
of a partially-etched LAPS sensor plate. 
 
 
2.5. Experimental results 
2.5.1. Characteristics of the partially-etched sensor plate 
The fabricated sensors with a size of 18 x 18 mm2 were fixed inside a sensor holder with the 
size of about 50 x 50 mm2 as shown in Figure 2.11. The sensing area was defined by a 
polydimethylsiloxane (PDMS) well structure on the sensor surface. The Au/Ti ohmic contacts 






















The fabricated partially-etched sensor plate as shown in Figure 2.12 had totally 49 etched 
regions of about 500 x 500 μm2 within the sensing area of 10 x 10 mm2. An optical image of 
the back-side of the sensor plate is depicted in Figure 2.12(a). The thickness of the remained 
Si was 47 μm in the etched region and 150 μm in the frame region, as observed in the cross -
section image at the boundary of the etched region and the frame region shown in Figure 
2.12(b). The angle between the wall-surface (111) and the flat surface (100) is 54.7°. The 
thickness of the frame region was reduced from the initial thickness of 200 μm because the 
SiO2 mask was slowly etched and lost during the wet etching process. The shapes of some 
etched regions changed after the etching process, which might be attributed to the imperfect 
thickness uniformity of SiO2. Since Si3N4 can also be etched by TMAH, the Si3N4 front side 
of the sensor, which works as the sensing surface, was protected by a wax layer, so that the 
Si3N4 sensing surface was not etched. The pH sensitivity of the sensor plate was investigated 
to clarify the effect of the fabrication process. 
 











Figure 2.12(a) Optical image of the partially-etched structures on the back surface of the 
LAPS sensor plate. (b) Cross-sectional SEM image at the border of the etched region and 
the frame region. 
 
Figure 2.13(a) and (b) shows the SEM images of the surface at the etched region and the 
frame region after the wet etching process, respectively. The surface at the etched region looks 
smooth as observed in the SEM image. However, there were some small particles on the 
surface with a very low density. On the other hand, the surface at the frame region looks rough 
due to the non-uniformity of etching SiO2 mask.  
From the cross-sectional SEM images at the boundary of the frame region and the etched 
region as shown in Figure 2.13(c) and (d), we can see the angle of 53º as the result of 
anisotropic etching when the sensor plate is a Si (100) substrate. The pyramid structures on 
the surface at the etched region has a height of about 1µm. Because of the size of these 
particles and their low density on the etched surface, the effect of surface roughness of the 

























Figure 2.13 SEM images of (a) the surface at the bottom of the etched structure, (b) the back 
surface of the frame region, (c) cross section at the border of the etched region and the 
frame region and (d) pyramidal structures found at the bottom of the etched region.  
 
2.5.2. pH sensitivity 
In this study, the characteristics of the etched region and the frame region on the same sensor 
plate were compared to guarantee that measurement parameters were identical except for the 
thickness. The current-voltage (I-V) curves of the partially-etched sensor plate measured with 
parameters as listed in Table 2.2 for various pH values of 6.1, 7.0, 8.1 and 8.9 in both the 
etched region and the frame region. Figure 2.14(a) shows the I-V curves in the etched region 
and the frame region. From the normalized I-V curves shown in Figure 2.14, the curves shifted 
along the voltage axis depending on the pH values.  
To calculate the pH sensitivity, the bias voltages at the inflection points of the normalized 
I-V curves were plotted. The pH sensitivities were calculated to be 56.2 mV/pH in the etched 
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at the inflection points and the pH values and is indicated in Figure 2.15. This value was an 
expected value for Si3N4 sensing surface and is close to the Nernstian pH sensitivity.  
 
Table 2.2 Parameters for I-V measurement. 
 
Figure 2.14 (a) Photocurrent - bias voltage curves and (b) normalized photocurrent - bias 
voltage curves for different pH buffer solutions measured in the frame region and the etched 
region, respectively. 
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Figure 2.15 pH-dependence of the bias voltage at the inflection point of the I-V curve 
measured in the frame region and the etched region. 
 
2.5.3. Improvement of photocurrent signal 
To compare the photocurrent at different positions in both etched region and the frame region, 
one etched region with a size of ϕ 6 mm was used. The optical image and photocurrent image 
obtained at a bias voltage of -0.5 V, at a modulation frequency of 2.5 kHz are shown in Figure 
2.16. The photocurrent in the etched region was higher than the frame region. From the result 
of photocurrent over scanning position from the center of the etched region as shown in Figure 
2.17(a), the higher photocurrent in the etched region, especially near to the center was more 
significant. The photocurrent obtained at positions that are 1000 and 2000 µm away from the 
center point was not very different from that obtained at the center point of etched region. 
The photocurrent decreased at the boundary of the frame region and the etched region and it 
became smaller at positions belonging to the frame region. The I-V curves before the etching 
process and after the etching process at different positions on the sensing surface shown in 
Figure 2.17(b) were obtained at a modulation frequency of 2.5 kHz. The photocurrent of the 
same sensor chip before etching was lower than that after etching. This result highlighted the 
















































Figure 2.16 (a) Optical image of an etched region with ϕ 6 mm. (b) Distribution of the 
photocurrent around the etched region obtained with pH7 buffer solution. 
 
Figure 2.17 (a) Photocurrent vs scanning position starting from the center of the etched 
region of a partially-etched sensor plate which have one etched region with ϕ 6 mm. (b) I-V 



























































Figure 2.18(a) compares I-V curves in the etched region and the frame region of the 
partially-etched sensor plate in Figure 2.12. It was measured with the same pH 7 solution at 
a modulation frequency of 4.0 kHz. The maximum photocurrent, representing the inversion 
state of semiconductor, was 2.6 times that obtained in the frame region. Figure 2.18(b) shows 
a photocurrent image of pH 7 buffer solution measured at a fixed bias voltage of -0.5 V. The 
modulation frequency was 4.0 kHz and the scanning pitch was 100 μm. It is obvious that a 
higher photocurrent is obtained in the etched regions. The higher photocurrent values 
observed near the upper-right and lower-left corners might have been caused either by non-
uniformity of the sensor plate or by the influence of ohmic contacts. [45] Such non-uniformities 
can be removed by a calibration step.[45] 
These results suggest enhancement of the photocurrent signal and therefore the signal-to-
noise ratio in the etched region, while the mechanical strength of the sensor plate is reinforced 
with the frame structure. 
 
Figure 2.18 (a) I-V curves acquired in the frame region and the etched region, respectively. 
(b) Photocurrent image acquired at a bias voltage of -0.5 V for pH 7 buffer solution in 


























































2.5.4. Improvement of frequency bandwidth 
The I-V curves at the frame region and the etched region with different frequencies of 2 kHz 
and 100 kHz were obtained as shown in Figure 2.18. At a higher frequency, the signal 
becomes smaller in both the etched region and the frame region. A modulation frequency of 
about several kHz is often used.   
The amplitude of the photocurrent is plotted in Figure 2.19 as a function of the modulation 
frequency from 10 Hz to 120 kHz both in the etched region and in the frame region. The 
amplitude of the photocurrent in the etched region is higher than that in the frame region over 
the entire frequency range and a 12-fold enhancement is achieved at a high frequency of 120 
kHz. Notably, the amplitude of the photocurrent would decrease with the frequency. This 
result indicates that the etched region can achieve not only a higher photocurrent amplitude 
and a higher signal-to-noise ratio, but also a wide frequency bandwidth in comparison with 
the frame region. 
The maximum photocurrent amplitude in the frame region is 0.3 μA at 1 kHz, but this 
amplitude can be obtained even at 25 kHz in the etched region. Hence, it is possible to use 
much higher frequencies in the etched region. This availability of a wider frequency 
bandwidth allows frequency-domain multiplexed measurement with a plurality of light 
sources for movie recording at a high frame rate. [46] The partially-etched LAPS sensor 
suggests an innovative development for the high-speed measurement systems. 
Figure 2.19 I-V curves for pH 7 buffer solution acquired at 2 kHz and 100 kHz in (a) the 
frame region and (b) the etched region, respectively. 
 
 





Figure 2.20 Frequency characteristics of the photocurrent signal obtained in the frame 
region and the etched region, respectively. 
 
2.5.5. Improvement of lateral spatial resolution 
The spatial resolution can be determined by measuring the decay of the amplitude of the 
photocurrent vs. the lateral distance from the illumination (backside) to the edge of the test 
pattern. The decay length of the photocurrent can be interpreted as the effective lateral 
diffusion length of light-generated charge carriers, which in this study is regarded as spatial 
resolution. The lateral spatial resolution is evaluated by scanning the edges of a 50-μm-wide 
resist pattern on the sensor surface and calculating the lateral distance in which the 
photocurrent decays from 60% to 40% of the maximum value. Figure 2.20(a) shows the 
change of normalized photocurrent obtained by scanning a distance of 560 μm perpendicular 
to the resist pattern on the surface in the etched region and in the frame region when the 
scanning pitch was 8 μm. As shown in Figure 2.20(b), the decay distance from 60% to 40% 
were 20 μm in the etched region and 40 μm in the frame region, showing an improvement of 










Figure 2.21 (a) Line scanning perpendicular to a 50-um-wide resist pattern. (b) Line profiles 
of the normalized photocurrent across the resist pattern in the etched region and the frame 
region, respectively. (c) Comparison of the lateral distance, in which the normalized 
photocurrent decays from 60% to 40% of the maximum value, in the frame region and the 
etched region, respectively. 
 
Another evidence for the improvement of the lateral spatial resolution is shown in Figure 
2.21. Figure 2.21(a) describes the resist patterns including one 20-μm-wide line, three 40-μm-
wide lines and one 100-μm-wide line on the sensor surface both in the etched region and in 
the frame region. Their photocurrent images are shown in Figure 2.22. The scanning pitch 
was 8 μm for the x-axis and 32 μm for the y-axis and the modulation frequency was 4.0 kHz. 
The photocurrent image of the line patterns in the etched region can be acquired at higher 
resolution, higher contrast and higher signal-to-noise ratio than in the frame region. Especially, 
while the 20-μm-wide resist pattern was not resolved in the frame region, it was resolved in 
































































Figure 2.22 Photocurrent images of a test pattern in the frame region and the etched region, 
respectively. The widths of the resist patterns were 20, 40 and 100 µm. 
 
2.6. Summary 
In summary, a partially-etched sensor plate of LAPS was fabricated based on an anisotropic 
etching process in 25 wt.% TMAH to realize high-resolution and high-speed measurement 
while maintaining its mechanical strength and the following results were obtained: 
⚫ The spatial resolution in the 47-μm-thick etched region was improved to 20 μm in 
comparison to 40 μm in the 150-μm-thick frame region.  














































⚫ The frequency bandwidth was enlarged by a factor of more than 10 and 12-fold-
enhancement of photocurrent amplitude at 120 kHz was achieved. 
This structure can contribute to a new approach for high signal-to-noise ratio, high-spatial-
resolution and high-speed measurement. Moreover, it is possible to apply it for measurement 
with a plurality of samples on a same sensor plate to obtain higher efficiency and higher 
resolution. For example, each etched region can be isolated as an independent sensor, so that, 
we can have multiple sensors using a same sensor plate. In the next chapter, the sensor plate 





















3. Multi-well sensor based on partially-etched structure on 
the frontside of LAPS sensor plate 
A multi-well light-addressable potentiometric sensor (LAPS) plate is developed for 
measuring a plurality of sample solutions on a single sensor plate. It is also capable of high -
resolution chemical imaging inside the well structure. It can be applied, for example, to 
quantity metabolic activities and to image biological samples incubated in the well structure. 
A minimum pattern size of 19.9 μm line was resolved and a wider frequency bandwidth of up 
to 200 kHz for the sensor signal was obtained in the well structure, which is suitable for 
recording chemical images at high-frame rates. 
3.1. Introduction 
Multiple measurements are commonly required in laboratories for reproducibility and 
statistical relevance. Repeating the same measurement many times requires much time and 
cost and the deviation sometimes can come from the external conditions. Therefore, 
simultaneous measurement of a plurality of samples in a single step is preferable. Based on 
the innovative techniques of miniaturization, it is possible to fabricate micro-sensors which 
are able to measure small volumes of samples at low cost. Much research has been focused 
on measuring multiple analytes and plurality of samples on one chip or a microarray.[16,17,47–






arrays and an on-chip ELISA used for parallel detection of various blood serum parameters 
with largely varying concentration ranges.[47] Multiwell arrays of sensors using a hydrogel 
sensing array for detection of pH and glucose were presented. [48] A ChemFET sensor with 
multiple sensors was fabricated on a wafer using multiple ion implantations and different 
photolithographic masks.[13] 
In addition, a LAPS also has many attractive features for analysis of various 
electrochemical systems and biological samples, multi-sensor applications and lab-on-chip 
devices. The light-addressability based on a scanning light beam allows spatially resolved 
measurement by defining many measurement spots on a single sensor plate and mapping of 
two-dimensional ion distribution, which we call chemical imaging.[7,35] Application of the 
LAPS as a multi-analyte sensor, in which many measuring spots sensitive to different 
substances are integrated on a single sensor chip, was demonstrated. [17,50] The measurement 
of different Cd2+-ion concentrations and different pH concentration could demonstrate the 
utilization of different transducer membranes onto the same sensor chip. [50] In another report 
by Yu et al., an array sensor with LAPS was used for detection of extracellular acidification, 
where two different areas are fabricated on the same silicon chip by heavily doping the 
silicon.[52] Recently, a 3D-printed multi-chamber structures were developed and mounted on 
the surface of one sensor chip to define four independent compartments for differential 
measurements of varying cell concentrations.[9,23] 
In chapter 2, we proposed a LAPS sensor plate with a partially-etched structure on the back 
surface, which demonstrated a higher spatial resolution, a higher signal-to-noise ratio and a 
broader frequency bandwidth, without losing the mechanical strength of the sensor plate as 
in the case where the entire sensor plate is made thinner.[43,53] In this study, partially-etched 
structures or multi-wells were formed on the front side of the sensor plate rather than on the 
back side.[53] Compared to the previously proposed structure, the multi-wells on the sensing 
surface can directly accommodate a plurality of liquid samples to be analyzed independently 
as shown in Figure 3.1, without the need of additional multi-chamber structures.[9,23] Figure 
3.2(a) illustrates the sensor configuration with the multi-well sensor plate. Each well works 
as an independent sensor to analyze small amount of liquid sample. At the same time, an 
enhancement of the sensor performance as in the case of Chapter 2 is expected because of the 
reduced recombination of photocarriers in the thinned active layer as schematically shown in 
Figure 3.2(b). A multi-well structure is advantageous, for example, in biomedical applications, 
where a plurality of biological samples is incubated under the same condition. Bousse et al. 
demonstrated microfabrication of cavities with typical dimensions of 50 × 50 × 50 μm3 on 






metabolic activities.[8] The multi-well structure proposed in this paper not only accommodates 
the plurality of samples to be measured separately, but enables high-resolution chemical 
imaging of samples inside each well.  
Figure 3.1 Comparison of the partially-etched structures on (a) the back side and (b) the 
front side of the LAPS sensor plate. 
 
Figure 3.2 Multi-well sensor plate with partially-etched structures on the front side. (a) 
Liquid samples accommodated in an array of wells can be independently analyzed by light 
addressing. (b) Schematic of the cross section of a well and the frame region. The thinner 
active region at the bottom of a well results in less diffusion of minority carriers. 
 
 
















3.2. Fabrication process and measurement system 
⚫ Fabrication process 
A LAPS sensor plate with a multi-well structure was fabricated in following steps as shown 
in Figure 3.3. An n-type Si (100) substrate with a thickness of 200 μm and resistivity of 
10 Ωcm was cut into a size of 18  18 mm2. The Si surface was partially etched by anisotropic 
etching in 25 wt% tetramethylammonium hydroxide (TMAH) using a 100-nm-thick thermal 
oxide with nine photolithographically patterned circular openings (ϕ = 2 mm) as an etch mask. 
The process conditions of the wet etching process of 88 to 92°C for 3.5 h were essentially the 
same as those in Chapter 2. 
In this chapter, more details of the fabrication of the sensing surface are explained, which 
consist of the following process steps: 
1. Thermal oxidation 
The sample was sequentially rinsed in acetone, in ethanol and in 5% HF. Then, a 130-nm-
thick pH-sensitive SiO2 layer was formed on the partially-etched Si surface by 4 hours of 
thermal oxidation at 1100°C in dry O2 flow of 2 L/min by appartus as shown in  Figure 3.4. 
Here, the sample was put inside the furnace when the temperature reached 1100°C. After 4 
hours at 1100°C, the sample was kept at 400°C in 30 mins. 
2. HF etching of SiO2 on both edges 
In this structure, the sensing surface and the ohmic contact region were on the same side of 
the sensor plate. An area of 14  14 mm2 including the wells was protected with photoresist 
(AZ 5214E, Merck) and the SiO2 layer in the surrounding region was removed with 5% HF. 
3. Formation of ohmic contact 
After removing the protective photoresist, thin Au/Ti films were evaporated on two edges 
of the front-side Si as ohmic contacts. The resistance measured between these two contacts 
was 180 – 200 Ω, which was significantly smaller than the series resistance of the 
measurement circuit. 
 





Figure 3.3 Fabrication process of a multi-well LAPS sensor plate. 
Figure 3.4 Apparatus for dry thermal oxidation. 
 
⚫ Measurement system 
In this research, a prototyped electrode was used instead of a common Ag/AgCl reference 
electrode with inner solution. A bunch of platinum wires (0.2 mm in diameter) coated with 

































Figure 3.5. The positions of this electrode can be adjusted to be able to contact with the 
solutions inside the wells. 
The potential difference between a Pt wire electrode and a conventional Ag/AgCl reference 
electrode in pH buffer solutions were examined. Both electrodes were dipped in the same pH 
buffer solutions. Figure 3.6 shows the potential difference of the two electrodes with respect 
to the conventional Ag/AgCl reference electrode with an inner filling solution dipped in 
various solutions for 1 hour. The measurements were carried out in 3 M NaCl, pH buffer 
solutions of pH 1, 3, 5, 7 and 9, and the drift was +0.43, -0.38, +0.59, +0.84, -1.54 and 
+1.33 mV/hour, respectively. From these results, one can expect that the drift is in the 
tolerable range. It is importtant to keep in mind that the Ag/AgCl coated wires are sensitive 
to Cl- concentrations, which must be taken into account depending on the analyte solution.  
For LAPS measurement, a bias voltage was applied between the ohmic contacts and the 
solution using a DAC (USB 6341, National Instruments). An infrared laser (λ  = 830 nm) was 
employed as a scanning light beam, which was modulated at a frequency in the range of 10 Hz 
to 200 kHz and focused onto the back surface of the sensor plate. The resulting AC 
photocurrent signal was amplified by a transimpedance amplifier (AS-604F2, NF 
Corporation), with a gain of 10 MV/A and was collected with an ADC on a single-board 
computer (STEMlab 125-14 Red pitaya, STEMlabs). 
Figure 3.5 (a) Setup for adjusting the height of an array of 9 Pt wire electrodes to 
individually contact the solutions accommodated in 9 wells on the multi-well LAPS sensor 
plate. (b) Close-up of 9 Pt wire electrodes contacting the solutions. For better visibility of 




















Figure 3.6 Potential difference between a Pt wire electrode and a Ag/AgCl reference 
electrode measured over a time period of 1 h in 3M NaCl solution and pH buffer solutions 
of pH 1, 3, 5, 7 and 9. 
 
3.3. Experimental results 
3.3.1. Characterization of multi-well LAPS sensor 
Figure 3.7(a) shows the resulting structure with nine circular wells with a diameter of 2 mm. 
The frame region appears brighter due to scattering of light at etch pits randomly created 
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through the SiO2 etch mask during TMAH etching, while the smooth surfaces created at the 
bottom of wells appear dark. The frame region appears brighter due to scattering of light at 
etch pits randomly created through the SiO2 etch mask during TMAH etching, while the 
smooth surfaces created at the bottom of wells appear dark. Figure 3.7(b) shows a top-view 
photo of wells filled with solutions. The capacity of each well was about 0.35 μL, and the 
well was filled with the sample solution dispensed by an adjustable micropipette with a 
volume range of 0.2–2 μL. We can see the solution filled inside the wells  while there was no 
liquid on the frame region. 
A cross-sectional SEM image at the border between the etched region and the frame region 
in Figure 3.8(a) showed a remaining thickness of about 52 μm and a depth of about 110 μm 
in the well structure. The total thickness of the resulting sensor plate was less than the initial 
thickness of 200 μm, which was due to the loss of the etch mask of thermal oxide in the course 
of etching in TMAH. Figure 3.8(b) shows SEM images of the surface of the bottom of wells. 
Although the surface of the frame region was rough due to etch pits randomly created during 
this process, the surface at the bottom of the well was smooth. Figure 3.9 indicates the 
normalized photocurrent image at a bias voltage of -3 V when all the wells were filled with a 
same buffer solution of pH 7. The photocurrent difference by the sensing surface roughness 
was small and did not affect the whole photocurrent image. If the photocurrent in every well 
is different, it can be corrected for by the calibration step.  
 
Figure 3.7 (a) Optical image of the front side of a multi-well LAPS sensor plate. (b) 
Observation of droplets accommodated in 9 wells on the front side of a LAPS sensor plate. 
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Figure 3.8 (a) Cross-sectional SEM image of the front surface at the border between the 
etched region and the frame region. The glancing angle was 30. Etch pits are observed on 
the surface of the frame region, while the well surface is smooth. (b) SEM images of the 
sensing surface at the bottom of a well on the front side.  
 
Figure 3.9 Normalized photocurrent image for a pH 7 buffer solution acquired with a 9-
well LAPS sensor plate. 
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• Spot pitch: 
200 μm x 200 μm
• Scanning speed
41.7 ms/pixel





3.3.2. The in-plane uniformity 
The in-plane uniformity of the sensor response was characterized. All wells were filled with 
the same pH 3 buffer solution (Titrisol, Merck), and an AC photocurrent vs bias voltage (I–
V) curve was acquired in each well. The modulation frequency of the light beam was 4.0 kHz, 
and the bias voltage was scanned in the range of –2.5 V to 0.5 V corresponding to the 
transition of the semiconductor state from inversion to depletion to accumulation. The same 
procedures were repeated for pH 5, 7 and 9. The sensor plate was rinsed in 70% ethanol and 
then in deionized water to remove the old solution completely before adding a new solution 
into the well.  
To quantify the horizontal displacement of the I–V curve, the bias voltage Vinfl at the 
inflection point of the curve was numerically calculated. The results are shown in Figure 3.10. 
In each well, the pH sensitivity was calculated by linear regression of data points for pH 3, 5, 
7 and 9. The flat-band voltage is calculated by the intercept of the line. While the pH 
sensitivity in a well is determined by the slopes of the linear function of data points for pH 
value and Vinfl, the flat-band voltage is given by the intercept of that function. The deviation 
of the flat-band voltage at different wells on the same sensor plate were shown in Table 3.1. 
The average pH sensitivity of all nine wells was 38.4±0.8 mV/pH, which was an expected 
value for SiO2.[15] For a better pH-sensing performance, other insulator materials such as Si3N4, 
Al2O3 and Ta2O5 can be employed.[15,54] Although the deviation of the pH sensitivity was 
rather small, the plots in photocurrent at different positions were scattered, which is attributed 
to the in-plane distribution of the flat-band voltage of the EIS system. The standard deviation 
of the flat-band voltage was as large as 20 mV, which corresponds to an error of 0.52 in pH. 
The deviation can be corrected by the pH sensitivities and deviation of the flat-band voltage 
at different wells on a same sensor plate. The calibration step uses a map of the flat-band 















































39.32 mV/h 38.97 mV/h 37.20 mV/h
37.23 mV/h 37.97 mV/h 38.72 mV/h
38.92 mV/h 38.09 mV/h 38.89 mV/h
well number pH sensitivity 
(mV/pH) 
deviation of the flat-
band voltage (mV) 
1 39.32 -28.29 
2 38.97 +6.05 
3 37.20 +27.95 
4 37.23 +8.67 
5 37.97 -24.02 
6 38.72 +0.32 
7 38.92 +22.82 
8 38.09 +6.27 
9 38.89 -19.77 
average 38.37 0 
standard deviation 0.78 20.07 





3.3.3. Measurement of pH buffer solutions on a single sensor chip 
Different pH buffer solutions were measured in different wells the same sensor plate. The 
change of the bias voltage at the inflection point is a value of the surface potential change 
and thus correlates with the pH value. First, in order to verify the validity of calibration to 
correct for the distributed flat-band voltage, the difference of Vinfl from its value at pH 7 in 
the same well was calculated. All wells were filled with the same pH 7 buffer solution and 
Vinfl was measured twice in each well. Then, the solutions were replaced with a series of 
standard pH buffer solutions from pH 1 to 9 in wells 1 to 9 correspondingly and Vinfl was 
measured twice. The normalized I-V curves in the first measurement are characterized in 
Figure 3.11. The bias voltage at the inflection point Vinfl was calculated and plotted in 
Figure 3.12. The change of Vinfl with respect to its value at pH 7 was calculated for each 
well. The result is shown in Figure 3.13. The good linearity suggests the validity of the 
calibration procedure, and the resultant pH sensitivity of 37.4±0.4 mV/pH was close to the 
value obtained from Table 3.1. These results suggest that the multi-well LAPS can be used 
as an array of independent sensors for analyzing a plurality of sample solutions placed on a 
single sensor plate. 
 
Figure 3.11 Normalized I-V curves for (a) pH 7 buffer solution in all 9 wells and (b) a series 
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Figure 3.12 The values of Vinfl for pH 7 buffer solution in all 9 wells and a series of pH 
buffer solutions from pH 1 to pH 9 in the corresponding number of well 1 to 9, respectively.  
 
Figure 3.13 The relative change of Vinfl with respect to its value for pH 7, measured for pH 
buffer solutions of pH 1 to pH 9 in the corresponding number of well 1 to 9. 
 
 





3.3.4. Lateral spatial resolution in a well 
The multi-well LAPS structure is not only capable of measuring a plurality of sample 
solutions, but also enables chemical imaging inside a well for the quantification of the 
metabolic activity and chemical imaging of biological samples on the same sensor plate . The 
reduced thickness of the semiconductor layer inside a well is in favor of higher spatial 
resolution and enhancement of the signal strength. As discussed in Chapter 1, the spatial 
resolution is determined by lateral diffusion of photocarriers generated on the back surface. [4] 
In a simplified model, the spatial resolution is given by 
√𝐿p(𝐿p + 2𝑑)  
where Lp is the diffusion length of minority carriers and d is the thickness of the 
semiconductor layer. A smaller d enhances the spatial resolution and increases the signal 
strength due to the reduced loss of photocarriers by recombination in the course of diffusion. 
To evaluate the spatial resolution, a test pattern made of 2-μm-thick photoresist was formed 
onto the sensor surface at the bottom of a well. After spin-coating the photoresist (AZ 5214E, 
Merck), the test pattern was printed by exposure through a photomask with different widths 
of line patterns from 10 to 20 μm placed on the top surface of the sensor plate, leaving a gap 
equivalent to the depth of the well. The test pattern was then developed by an image reversal 
process. Because of the non-contact exposure and the image reversal process, the widths of 
obtained photoresist patterns were not exactly the same as those on the photomask, and the 
actual dimensions were measured in the optical image as shown in Figure 3.14(a). A 
photocurrent image of the test pattern was obtained in the well filled with a pH 7 buffer 
solution by scanning the back surface of the sensor plate with a focused laser beam modulated 
at 4.0 kHz. The pixel pitch was 6 μm and 32 μm, respectively, in directions normal and 
parallel to the line patterns. The resulting 3840 pixels (320 pixel  12 pixel) were sampled at 
a rate of 41.7 ms/pixel, resulting in a total data acquisition time of about 2.7 min for the entire 
image. Figure 3.14(b) shows the obtained photocurrent image of the test pattern, in which a 
lower photocurrent corresponds to the regions covered with photoresist. This result clearly 
indicates that a minimum width of 19.9 μm could be resolved at the bottom of a well, which 
is in contrast to our previous result (data not shown) that even a 40 μm pattern could not be 
resolved with a 150-μm-thick LAPS sensor plate. Figure 3.14(c) illustrates the line profile 
of the photocurrent image with the shaded regions representing the widths of the test patterns.  





The edges of the line patterns are not as sharp, resulting in a larger width in the photocurrent 




Figure 3.14 (a) An optical photograph of the test pattern on the sensing surface. (b) 
A photocurrent image of the test pattern. (c) A line profile of the photocurrent. The shaded 









3.3.5. Frequency bandwidth 
The frequency characteristic of the sensor signal was investigated for three types of sensor 
structures: a conventional LAPS sensor plate with a uniform thickness of 200 μm, a sensor 
plate with a partially-etched structure on the back surface developed in Chapter 2, and a multi-
well sensor plate developed in this chapter. In the latter two cases, the measurement was done 
within a thinned region, where the thickness of the silicon was about 47 μm and 52 μm, 
respectively. The bias voltage was fixed at –2.0 V, where the semiconductor was in the 
inversion state and the AC photocurrent signal was at its maximum. The modulation 
frequency of the light beam was scanned in the range of 10 Hz to 200 kHz. The results are 
shown in Figure 3.15. The AC photocurrent signals of the two partially-etched sensor plates 
were larger than that of the conventional thick sensor plate, especially at higher frequencies. 
This is explained as a result of the dependence of the cut-off frequency of carrier transport on 
the travelling distance of minority carriers. This result can be understood in analogy to the 
dependence of the alpha cut-off frequency of a bipolar transistor on the base width. A larger 
travelling distance of minority carriers across the semiconductor layer results in a longer 
transit time. Therefore, the current gain becomes lower as the ratio of the transit time to the 
period of modulation becomes larger. 
By thinning the sensor plate, therefore, a larger photocurrent signal is obtained even at a 
high frequency. Enhancement of the sensor signal implies the possibility of reducing the 
measurement time to obtain a high signal-to-noise ratio required to guarantee the precision in 
pH measurement. Availability of a wider frequency bandwidth implies the possibility of using 
a larger number of light beams in frequency-domain-multiplexed measurement of sensor 
signals[3] for movie recording at a higher frame rate.[22] 
 





Figure 3.15 The frequency characteristic of 3 types of samples: conventional LAPS sensor 
with sensor thickness of 200 μm, sensor plate with a partially-etched structured on the back 
surface and multi-well sensor plate. 
 
3.3.6. Imaging of different pH buffer solutions 
The imaging of potential change for different solutions on a same sensor plate was 
investigated. A 4-well-structured sensor plate in which each well has a diameter of 4 mm was 
utilized in this research. The pH sensitivity of this sensor was 27 mV/pH obtained by linear 
regression of bias voltage at the inflection points of the I-V curves for pH 3, 5, 7 and 9. 
To visualize different pH in each well, the photocurrent changes with respect to the value 
for base solution of pH 7 were obtained as follows: 
1. All wells were filled with a same buffer solution of pH 7. The photocurrent images 
at bias voltages in a range of -3 V to -1.5 V corresponding to the inversion state to 
the accumulation state were obtained with the step voltage of 0.1 V, resulting in 16 
photocurrent images. The pixel pitch was 200 μm. The 4096 pixels (64 pixel  64 
pixel) were sampled at a rate of 41.7 ms/pixel for each image, resulting in a total 
data acquisition time of about 45 mins for the entire images.  
2. Four different pH buffer solutions were added into four wells and the photocurrent 
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3. The photocurrent images at a fixed bias voltage near to the average of the inflection 
points of the I-V curves were chosen. Figure 3.16 shows the photocurrent images of 
pH 7 buffer for 4 wells and different buffers at a bias voltage of -2.4 V in 4 wells.  







 (3. 1) 
where 𝐼base is the photocurrent for pH 7 at a fixed bias voltage in Figure 3.16(a) and 
𝐼x is the photocurrent for respective pH at the same bias voltage in Figure 3.16(b). 
The resulting images of the photocurrent shifts and relative changes are shown in Figure 
3.17. In this figure, the relative photocurrent changes for different solutions are clearly 
visualized, where the relative changes increased in the order of pH values.  
Therefore, it is possible to visualize different pH buffer solutions using the multi-well 
sensor plate. To eliminate many restrictions such as the solution vaporization and long 
measurement time, the measurement of the bias voltage changes at one point near to the center 
of a well is preferable. Furthermore, the system reducing the solution vaporization was studied 
and will be introduced in Chapter 4. 
 
Figure 3.16 Photocurrent images of (a) pH 7 buffer solutions in 4 wells and (b) different pH 




















Figure 3.17 (a) Photocurrent change and (b) relative photocurrent change between Figure 
3.16(a) and (b). 
 
3.4. Summary 
In summary, the multi-well strucutred LAPS sensor plate was developed, which functions as 
an integrated array of pH sensors. The following results were obtained. 
⚫ It was capable of analyzing a plurality of pH buffer solutions with different pH values 
placed on a single sensor plate. 
⚫ At the bottom of the well structure, a test pattern with a minimum width of 19.9 μm was 
resolved. The sensor is capable of high-resolution chemical imaging inside the well 
structure, which can be applied, for example, for quantification of metabolic activities 
and imaging of biological samples incubated in the well structure. 
⚫ A wider frequency bandwidth of up to 200 kHz for the sensor signal was obtained in the 
well structure, which is suitable for high-speed measurement and recording chemical 
images at high frame rates. 
⚫ It was possible to visualize different pH solutions based on the relative photocurrent 




















Thanks to these advantages, this developed sensor is expected to measure a plurality of 
sample solutions on a single sensor plate without the need for additional multi -chamber 
structures, e.g., in biomedical applications, where a plurality of biological samples must be 
incubated under the same conditions. Based on the capability of measuring multiple samples, 
the growth of bacteria will be investigated in Chapter 4, which represents for a possible 












4.  Measurement of Escherichia coli metabolism with multi-
well LAPS 
The developed multi-well LAPS sensor plate is applied to measure the metabolic activity of 
Escherichia coli (E. coli) bacteria. A plurality of samples of different pH buffer solutions and 
different E. coli concentrations are measured directly on a single sensor plate over 8 hours. 
Consequently, the extracellular acidification of E. coli could be determined from their 
potential shifts. The doubling time of E. coli was estimated by comparing the acidification of 
E. coli suspensions. This result demonstrates the possibility of performing multiple 
biochemical experiments with small volumes of samples on the same sensor plate in parallel. 
4.1. Introduction  
Escherichia coli (E. coli) is a type of common bacteria that lives in the lower intestine of 
humans and warm-blooded animals. Some strains can cause foodborne diseases, which are 
transmitted to humans through consumption of uncooked meat and vegetables or 
contaminated water. E. coli can grow at temperatures in the ranges of 20°C to 40°C, and the 
optimal temperature is 37°C.[55] Figure 4.1 illustrates the metabolic activities of E. coli and 
their threats to human health. The research on the detection and identification of E. coli 






nanoparticles for a visual color change confirmation and fluorescent labelled enzymes are 
accurate and sensitive. However, they require high cost, specific skills, and it is still difficult 
to detect at the early stages.[56,57]  
A sensing system based on LAPS has discussed as one approach of a rapid and efficient 
technique for measuring concentrations and capturing of the activities of bacteria.[9,37,58] 
Metabolic activities of cultured cells can be monitored by observing the pH changes of the 
surrounding due to extracellular acidification caused by metabolic waste products such as 
protons, carbon dioxide and lactic acid.[59] The extracellular acidification of E. coli was 
reported to be measurable by LAPS.[60] Especially, when cell colonies grow adherent on the 
surface, it is possible to observe the metabolic activities by observing the pH change.  
As mentioned in chapter 3, it is possible to measure pH changes for different pH solutions 
by the multi-well LAPS sensor plate. In this chapter, the 9-well LAPS chip was applied to 
measure the acidification rates of different E. coli suspensions with different concentrations 
which were cultured in different wells on the same sensor plate over 8 hours. By utilizing the 
same sensor plate, it is possible to observe the acidification under equal external conditions 
in a short time.  
 
Figure 4.1 (a) Metabolic activities of E. coli and (b) their threats to human health. 
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4.2. Incubation of Escherichia coli (E. coli) 
To be able to define and count the number of cell colonies, E. coli JM109 from -70°C stock 
was cultivated at 37°C in lysogeny broth (LB) medium for 8 hours. LB medium was made 
from the ingredients listed in Table 4.1 and autoclaved at 120°C for 20 mins. To estimate the 
cell concentrations defined as colony forming unit (CFU), E. coli suspension was applied on 
a agarose surface and counted by naked eyes after 8 hours of incubation. In this study, an 
initial E. coli concentration of 2 × 109 CFU/ml was utilized. The cultivated cell colonies have 
a size in a range of 800 µm ̶ 1200 µm as depicted in Figure 4.2, which was observed by an 
optical microscope. 
There are 2 sensing methods which were utilized to observe E. coli bacteria using a LAPS 
sensor plate. 
① Visualization of cell colonies  
When an E. coli colony grows, the products of the metabolism result in extracellular 
acidification that can be detected as lowering of the pH value. This characteristic can be 
visualized with a chemical imaging sensor. When the microbes are immobilized on the 
sensor surface, the colony is characterized by a lower photocurrent and a negative potential 
shift to compared to the surrounding. In this study, an E. coli colony was immobilized on 
an agarose gel with LB medium, cut and fixed onto the sensor surface as shown in Figure 
4.3(a). A gap between the cell colony and the sensor surface will interfere the visualization. 
Therefore, after putting the colony onto the surface, it is required to wait for 5-10 min until 
the gel adheres on the sensor surface. The cell colonies could be visualized by a with the 
well-structured sensor plate with improved photocurrent amplitudes and spatial resolution. 
② Acidification analysis  
It requires several hours to observe E. coli colonies by the method described above. To 
investigate the extracellular acidification in a shorter time, it is advantageous to measure 
liquid samples with E. coli bacteria (E. coli suspension) and analyze the shift of I-V curves 
for several hours. Therefore, E. coli cells (concentration of 2 × 109 CFU/ml) were diluted 
in LB medium to achieve samples with different concentrations as shown in Figure 4.3(b). 
By measuring multiple liquid samples with different E. coli concentrations, the 
acidification rates and the bacteria doubling time can be determined. 
As a preliminary experiment, the acidifications of different samples with different 
starting E. coli concentrations were determined by using a commercial pH meter (pHSpear) 





as shown in Figure 4.4(a). The tested samples were pH buffer solutions with pH 4, 7 and 
10 and LB media with different E. coli concentrations (0, 103, 105 and 107 CFU/ml) The 
pH values were monitored for 12 hours. Figure 4.4(b) shows the pH shift for 7 samples 
over time (15 min, 30 min, 120 min, 180 min, 6 hours, 7 hours and 12 hours). The pH 
values of the samples with E. coli decreased by 1.4-1.5, and the higher the concentration 
of E. coli is, the earlier pH value started to reduce.  
Especially, since biological experiments depend on various parameters (e.g., 
temperature, initial cell concentration, culture medium conditions), it is advantageous to 
perform as many experiments simultaneously as possible. By using the multi -well LAPS 
sensor plate, multiple liquid samples can be measured on the same sensor plate. This helps 
to keep external influences as small as possible and to save the time. 
 
Table 4.1 Ingredients for the LB medium suspended in 1 L of deionized water. 
 
 Ingredients Amount 
1 D- (+) glucose  2 g 
2 Tryptone  10 g 
3 Yeast extract 10 g 
4 NaCl 10 g 





Figure 4.2 Optical image of E. coli colonies after 8 hours of incubation. 





Figure 4.3 Two types of tests based on LAPS for analysis of E. coli. (a) Chemical imaging 
of E. coli colonies cultured on agarose plate. (b) Quantification of the metabolic activity of 




Figure 4.4 (a) pH measurement of samples by a pH meter in the course of incubation after 
filling the wells with different initial concentrations of E. coli. (b) Temporal change of pH 
measured in the course of incubation for 12 hours. 
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4.3. Visualization of E. coli colony 
A small piece of agarose gel (3 mm in thickness) with E. coli colony, which was cultured for 
8 hours, was cut and fixed onto the sensor surface of the well-structured sensor plate. The 
reference electrode was in contact with the agar surface. The photocurrent image with a size 
of 4 x 4 mm2 and the pixel number of 80 x 80 pixel was recorded at a fixed bias voltage of -
1.7 V after putting the colony on the sensor surface for 15 min. The diameter of colony was 
about 1.0 mm, and there was gas holes in the center and on the right side of the colony as the 
product of E. coli metabolic activity as shown in Figure 4.5(a). As shown in the photocurrent 
image in Figure 4.5(b), the photocurrent of the region with a colony was smaller than the 
photocurrent in its surrounding. 
The I-V curves at positions with and without colony were also measured as shown in Figure 
4.6 (a). The photocurrent under the inversion state (for example, at -2.5 V) in the region with 
a cell colony is smaller than that in the region without a colony. Additionally, from the 
normalized I-V curves in Figure 4.6 (b), a shift is visible that indicates a decrease of pH as a 
result of the extracellular acidification in the region with E. coli. The decrease of the pH is 
estimated to be about -1.6, which is similar to the value monitored by a pH meter in Section 
4.2. 
Therefore, the well-structured LAPS sensor plate with a SiO2 sensing surface can visualize 
the E. coli colony in the form of a photocurrent image. The pH change was -1.6 after 8 hours 
as a result of metabolic activity. In the next section, the acidification rate and the doubling 
time of E. coli cultured in tubes and on the sensor surface, respectively, are measured. The 
latter method of direct cell culture can contribute to small-volume measurement with less 
external influences. 





Figure 4.5 (a) Optical image of E. coli colonies cultured for 8 hours on agarose plate. (b) 
Photocurrent image of E. coli colonies showing acidification due to metabolism. 
 
Figure 4.6 (a) Photocurrent - bias voltage curves and (b) normalized photocurrent - bias 










4.4. Measurement of E. coli metabolism 
4.4.1. Measurement of different cell concentrations of E. coli 
E. coli cells (2 × 109 CFU/ml) were diluted into LB medium to prepare samples with known 
concentrations: 0, 2 × 107, 1.5 × 107, 1 × 107, 5 × 106, 2.5 × 106 and 1.25 × 106 CFU/ml. They 
were filled in 10 ml tubes, and incubated at 37°C. In order to observe the metabolic activity 
for 8 hours, a sample of each concentration was measured every 30 minutes in succession. To 
do this, 3 μL of each concentration was placed in separate wells of the 9-well sensor plate. 
The I-V curves at the center point of each well were obtained with a voltage step of 4 mV 
and a modulation frequency of 4 kHz. Figure 4.7 plots the bias voltages at the inflection points 
of various samples over 8 hours. Due to the in-plane distribution of flat-band voltage on the 
sensor chip surface, the bias voltages at 0 min are different for each well with a standard 
deviation of about ±15 mV. There is no observable potential shift in the first 90 min, however, 
after this time, a significant decrease of the potential can be observed that saturates at a certain 
lower bias voltage. The potential of the blank sample without E. coli, changes only within ±3 
mV while the potential of the samples with E. coli decreased by about 60 mV.  
The bias voltage shift was calculated with respect to the average value in the first 60 min, 
i.e., the average of values at 0 min, 30 min and 60 min. The pH shift at each well was 










Here, 𝑉(𝑡,𝑖) is a bias voltage of well number 𝑖 at time 𝑡 and 𝑆 is the pH sensitivity of the 
sensor plate. Figure 4.8 shows the pH shifts of the 7 samples with different E. coli 
concentrations within 8 hours. It is obvious that the pH values of the samples containing E. 
coli decreased gradually and saturated at about ∆pH = -1.4. Another result is that the pH 
values of samples with higher concentrations of E. coli decrease earlier than that those with 
lower concentrations. 
 Estimation of the doubling time: 
The doubling time is the time needed for cells growing at a constant growth rate to double. 
In this chapter, the doubling time of E. coli bacteria was estimated by the initial cell 





concentration and the incubation time until a certain pH shift is arrived. Here, it is assumed 
that the production rate of protons is proportional to the cell number. The cell number N(t) 
at time t can be expressed as: 
𝑁(𝑡) = 𝐶2
𝑡
𝑑 (4. 2) 
Here, C is the initial cell number and d is the doubling time. The total product A(t) at 
time t is calculated by 




with constant k describing the metabolic kinetics. Thus, two suspensions with different 
initial cell concentrations 𝐶1  and 𝐶2  have a product concentration of 𝐴1(𝑡) and 𝐴2(𝑡). 
Each sample reaches a specific pH value at a specific time 𝑡1 and 𝑡2, respectively, where  
𝐴1(𝑡1) = 𝐴2(𝑡2). This gives:  
𝐶2(2
𝑡1
𝑑 − 1) = 𝐶1 × (2
𝑡2
𝑑 − 1) (4. 4) 





 ≫ 1 
𝐶2 = 𝐶1 × 2
(𝑡1−𝑡2)
𝑑 (4. 4) 










The incubation times needed for pH shift of -0.8 of different E. coli concentration were 
plotted in Figure 4.9. It is noticeable that the incubation time decreased linearly with the 
logarithm of the initial cell concentrations as described in equation (4.6). From this relation, 
the doubling time can be found at approximately 26 min. 
It was possible to measure samples with different E. coli concentrations on the same sensor 
plate. However, due to evaporation of liquid during the long-term measurement, the E. coli 
could not be directly cultured in the wells. In the next section, the pH changes and doubling 
time in the case of utilizing a setup for long-term measurement is also discussed.    






Figure 4.7 Temporal change of Vinfl for samples with different initial concentrations of E. 
coli measured with the multi-well LAPS sensor plate in the course of 8 hours of incubation. 
 
Figure 4.8 Relative change of pH for samples with different initial concentrations of E. coli 
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Figure 4.9 Incubation time needed for a pH change of -0.8 as a function of the initial 
concentration of E. coli. 
 
4.4.2. Set-up for long-term measurement on a chip 
⚫ Measurement setup 
The measurement of one I-V curve takes about 5-10 minutes. However, as mentioned in 
Section 4.4.1, liquid samples reduced their volumes during this time due to evaporation. 
Moreover, dispensing a new solution for every measurement requires a lot of work, and 
may lead to measurement errors. In this section, a measurement setup which can reduce 
the liquid evaporation is discussed. This setup can help to culture the cell samples directly 
inside the wells at 37°C for 9-10 hours without evaporation. Figure 4.10 shows the 
schematic of this system comprising small closed compartments with a high humidity. 
The sensor system cover which accommodates a wet cotton has an openable lid. It is 
firmly taped onto a plate which holds the sensor plate. A small sensor-surface cover made 
by a 3D-printer is taped onto sensor plate. Pt wires which are coated by Ag/AgCl ink are 
pinned through this inner cover so that the wires can contact the solutions inside the wells. 
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Figure 4.10 (a) Schematic of a measurement setup and (b) the 3D model image to reduce 
evaporation of the liquid sample in the course of long-term incubation of E. coli. 
 
 
Figure 4.11 (a) Measurement setup and (b) a photo of the sensor surface cover for long-term 
incubation of E. coli. 
 
⚫ Measurement method 
In this experiment, a 9-well sensor plate with the pH sensitivity of 39 mV/pH was utilized, 
and 9 liquid samples were measured on the same sensor plate. Firstly, all wells were 
filled with a pH 4 buffer solution to determine the distribution of the flat-band voltage. 



























solutions of pH 4, 6 and 8. The other 6 samples were LB media with different E. coli 
concentrations of 0, 1.25×106, 2.5×106, 5×106, 1×107 and 2×107 CFU/ml as shown in 
Figure 4.12. The liquid volume in each well was 0.35 µl. The samples measured in wells 
1 to 9 are listed in Table 4.2. 
 
Figure 4.12 Incubation of E. coli cells on a multi-well LAPS sensor plate. Three wells 
contain pH buffers, one well contains culture medium without E. coli, and five wells contain 
different concentrations of E. coli in culture medium. 
 
 
Table 4.2 The samples measured in wells 1 – 9 and number of E. coli cells included in 0.35 
µL of samples incubated in wells 5 – 9. 
 
 
Samples Initial cell concentration  
(CFU/ml) 
Cell number per 
well (CFU) 
well 1 pH 4 - - 
well 2 pH 6 - - 
well 3 pH 8 - - 
well 4 no E. coli   0 0 
well 5 E. coli 1.25×106 CFU/ml 1.25×106 437.5 
well 6 E. coli 2.5×106 CFU/ml 2.5×106 875 
well 7 E. coli 5.0×106 CFU/ml 5.0×106 1750 
well 8 E. coli 1.0×107 CFU/ml 1.0×107 3500 







Samples with different initial 
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⚫ Measurement results and discussion 
① Temporal potential shift in nine wells 
The shift of the voltage at the inflection point (Vshift) with respect to the reference 
measurement of pH 4 buffer solution was calculated for each well to correct for the 
spatial distribution of the flat-band voltage.  
𝑉shift = 𝑉infl(𝑥) − 𝑉infl(pH4) (4.  ) 
Here, 𝑉infl(𝑥) is the bias voltage at the inflection point for each different measured 
sample and 𝑉infl(pH4) is the bias voltage at the inflection point for pH 4 buffer solution.  
The voltage at the inflection point for pH 4 in each well is listed in Table 4.3. The 
standard deviation of the flat-band voltage was as large as 16 mV, which corresponds to 
an error of 0.41 in pH. The normalized I-V curves of each well, recorded in the range of 
bias voltages from -4 V to -1.5 V and a voltage step of 4 mV for 8 hours are shown Figure 
4.13. For pH 4, pH 6, pH 8 and LB medium without E. coli, no significant shift of the I-
V curve is visible. On the other hand, a significant I-V curve shift can be observed for the 
solutions with E. coli. The changes of bias voltages at the inflection points  𝑉infl(𝑥) for 8 
hours are plotted in Figure 4.14. For the samples with E. coli, Vinfl decreased and saturated 
after 5-7 hours.  
The potential with respect to the initial measurement of pH 4, is plotted in Figure 4.15. 
The pH scale was calculated with the pH sensitivity of the sensor plate of 38.8 mV/pH. 
The pH scale indicates that the LB medium has a pH value of about 5.6.    
 
 






well 1 Vinfl for the same pH 4 buffer 
solutions in all wells (V) 
well 1 -2.8405 
well 2 -2.8733 
well 3 -2.8834 
well 4 -2.8497 
well 5 -2.8433 
well 6 -2.8311 
well 7 -2.8464 
well 8 -2.8463 
well 9 -2.8537 
 deviation = 0.0164 V 





Figure 4.13 Normalized photocurrent - bias voltage curves measured in nine wells in the 
course of incubation for 8 h. 
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Figure 4.15 Temporal change of Vinfl in nine wells with respect to the initial value of Vinfl for 
pH 4. 
 
② Temporal change of pH value 
The temporal change of pH in each well was calculated in respect to the average value 
within the first 60 min and the pH sensitivity of this sensor plate using the equation (4.1). 
Figure 4.16 shows the pH changes for 9 wells. The solutions without E. coli had deviation 
of pH only within ±0.1. On the other hand, the pH values of samples with E. coli started 
to decrease after 1-3 hours and got stable at about ∆pH = -1.5. This result is as large as 
that measured by a pH meter in Section 4.2 and by the multi-well LAPS with E. coli 
cultivated in tubes in 4.4.1. It is also noticeable that the lowering of pH was linear with 
time. 
The relation between the time until a certain pH shift of -0.8 and the initial cell 
concentrations is shown in Figure 4.17. The calculated doubling time was about 24 min, 
which is similar to the result in 4.4.1 and in the range of the expected values for the 
doubling time of E. coli.[61] 
These results confirmed the possibility to cultivate E. coli and measure the extracellular 
acidification with the well-structured sensor plate. Furthermore, the setup for long-term 
measurement is able to measure a plurality of E. coli samples directly cultured on the same 
sensor plate under well-defined and controllable conditions, which contributed to the 
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Figure 4.17 Incubation time needed for a pH change of -0.8 as a function of the initial 
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The developed multi-well LAPS sensor plate was applied to measure the metabolic activity 
of E. coli. It was possible to visualize the colony size on the SiO2 sensing surface. The pH 
value at the location where the cells grew was found to be lower than the surrounding area 
due to the extracellular acidification process. Moreover, different samples with different E. 
coli concentrations could be measured on a same sensor plate over 8 hours.  
⚫ The extracellular acidification of E. coli was determined from the potential shift.  
⚫ The doubling time of 26 minutes in the case of cell culture in a tube and 24 minutes 
in the case of cell culture on chip were estimated because of the different 
acidification by measuring of E. coli suspensions.  
⚫ A closed system was developed to prevent the evaporation of water to measure 
multiple samples on a same sensor plate over a long time.  
This result demonstrates the possibility of measuring a plurality of biological samples with 
a small volume of hundreds of nL on the same sensor plate 











5. Microfluidic channel for dispensing samples into multiple 
wells 
The anisotropic etching process allows to fabricate a micro-well-structured LAPS sensor plate. 
In this chapter, a system of microfluidic channels for dispending a solution into different wells 
on the multi-well sensor plate is demonstrated. The microfluidic channel is designed and cut 
from an 80-μm-thick double-side tape which connects an ITO glass with the sensor plate. This 
channel dispenses a solution into different wells of the sensor. This result indicates the 
possibility of novel applications of biochemical analysis with advantages of real-time, 
accurate, compact and disposable chip. 
 
5.1. Review of LAPS combined with microfluidics 
Measurement of analyte with small volume is attractive as not only it can reduce the testing 
sample volume, but also it is highly accurate, controllable, less dangerous and inexpensive.[62] 
The development of lab-on-chip systems for small-droplet detection, which can be mass-
produced at low cost by microfabrication technologies, has been increased. The 
miniaturization of novel modules such as microsensors and actuator enables the analysis of 





various analytes at high spatial resolution. Amongst them, microfluidics including multi-
functionalities have become a fast-growing technology for building micro-physiological and 
chemical sensing systems.[63] 
The microfluidic system with integrated sensor layers can be used for microfluidic cell 
cultures because it is capable of controlling and optimizing incubation conditions. Ungerböck 
et al. proposed a microfluidic chip with an integrated oxygen sensor layer for studying 2D 
oxygen distribution inside a microfluidic environment.[64] The microfluidic system was 
fabricated with PDMS including three holes which were punched into each channel to form 
cell incubation chambers. In a report of Wei et al., a microfluidic concentrator chip was 
integrated with a standard multi-well plate for high-throughput assays.[65] Microfluidic 
channels combined with a multi-well structure can accelerate the reaction rate of enzymatic 
assays by concentrating the reaction product inside each well. 
As discussed in the previous chapters, the chemical imaging sensor based on the principle 
of LAPS is capable of detecting ion concentrations on its sensing surface addressed by a 
focused light beam., A LAPS-based chemical sensor combined with microfluidics is potential 
platform for label-free visualization inside microfluidic channels. For example, Miyamoto et 
al. reported that an enzymatic reaction in microfluidic devices could be detected.[18]. A multi-
well structure made of agarose film on the sensor surface has been applied in the analysis of 
cellular metabolism, in which pH changes induced by cells were observed. As a promising 
application of a LAPS-based chemical sensor, the metabolic activity of E. coli colonies inside 
a microfluidic channel has been detected and visualized. It is possible to quantify the 
metabolic activity of the microbial colonies. [25][66] A LAPS-based chemical sensor is also 
expected to be applied for cell counting. Direct colony counting under optical microscope has 
been the most popular method, in which, however, it was difficult to be distinguish living 
cells with dead cells or small cells. It also requires 18-48 hours of growth for cells to be visible. 
Hence, a precise and reliable method for cell detection and analysis is required. 
The multi-well structure, which was introduced in Chapter 3, has a high potential in 
simultaneous measurement. However, dispensing small amount of liquid solution is not 
simple. At present, a micro pipette with a volume of 0.2 to 2 µL are used to fill the solution 
into each well. In this chapter, a system of microfluidic channel for dispending solutions into 
different wells on the multi-well sensor plate as demonstrated in Figure 5.1 is developed. A 
microfluidic channel made from an 80-μm-thick double-side tape is designed and cut. The 
microfluidic channels can be also fabricated with PDMS using a mold made of SU-8, but this 
method requires a long fabrication time and a difficult skill. The control of the sample liquid 
and dispersing of liquid samples into different wells on the sensor surface are demonstrated. 





This result enhances the ability of a real-time and accurate cell detection method using a 
compact and disposable chip compared to the traditional method of colony counting. 
 
Figure 5.1 Microfluidic channel combined with a multi-well LAPS sensor plate. 
 
5.2. Microfluidic channel for dispensing solutions 
In this study, a microfluidic channel to dispense liquid samples into the 9-well-structured 
sensor plate was developed. As discussed in Chapter 3,  a multi-well sensor plate can be 
utilized as an integrated multi-sensor on a single sensor plate with enhanced photocurrent 
signal and higher spatial resolution. The microfluidic channel combined with a multi-well 
sensor plate is desired, for high-performance and high-throughput cell assays.  
Figure 5.2 shows a schematic of a microfluidic channel constructed on the multi-well 
sensor plate including the following layers from the bottom: 
1. A 9-well sensor plate, on which each well has a diameter of 2 mm with a size of 18 x 18 
mm2. The distance between the centers of wells is 6 mm.   
2. The micro-channel consists of two layers of double-side polyester tapes (#9965, 3M, 
Japan) with a thickness of 86 µm. The designed shape was cut by a cutting machine 
(CM110, Brother, Japan). Both layers have openings aligned to the multi-wells on the 
sensor ship. In the first layer, narrow channels, which work as air channels, connect two 
wells. The fluidic channel is cut in the second layer. To inject liquid into the channel, the 
inlet and outlet tubes are connected. 
 
 










Figure 5.2 Construction of microfluidic channel on a multi-well LAPS sensor plate. 
3. Indium tin oxide (ITO) coated glass with two holes for solution inlet and outlet is bonded 
on the top. The ITO surface electrically contacts the solution in each well.  
To strengthen the adhesion, the sensor plate was heated at 60°C for 15 min and then 
placed in a desiccator for 1 hour before using. 
 
5.3. Characterization 
Figure 5.3(a) shows a 9-well-structured sensor plate with a microfluidic channel structure on 
top. The micro-channel structure has the size indicated in Figure 5.4. The air channel between 
the wells were designed to be much narrower than the main channel so that no liquid can flow 
through it.  First, the solution (red color) was injected from the inlet through a tube with a 
flow rate of 1 mL/h. All wells and the main channels were filled with the sample solution, as 
seen in the second step of Figure 5.3(b). Then, silicone oil was injected from the inlet with a 
flow rate of 0.03 mL/h. After the silicone oil moved through the whole main stream, the liquid 







Figure 5.3 Automatic filling of wells by a microfluidic channel. (a) Water (colored for 
visibility) is injected into the microfluidic channel. (b) Wells are filled with the water. (c) 
Water remaining in the channel is replaced by silicone oil.  
 
















w = 800 µm, h = 600 µm
Cut in 1st double-side tape
w = 800 µm
Cut in 2nd double-side tape
w = 200 µm






In another example of microfluidics combined with the multi-well sensor plate, the air 
channels were fabricated on the same double-side tape as the main microfluidic channel. 
Instead of connecting 2 wells, an air channel connects each well to the main stream. This 
design makes each was independent from others. The dispensing method was the same as 
above. Figure 5.5(a) shows the solution after dispensing and being separated into the wells. 
There were some air bubbles remaining. With electrical contact of the solution to the ITO 
surface, it was possible to obtain the photocurrent image of this sensor plate as shown in 
Figure 5.5(b). The I-V curve obtained at a center point in a well are shown in Figure 5.5(c). 
A photocurrent signal was obtained in 8 out of 9 wells. As a result, the microfluidic channel 
was successful in dispensing and separating the solution into different wells on the same 
multi-well sensor plate. 
 
Figure 5.5 (a) Optical image of the microfluidic channel after filling the wells with pH 7 
buffer solution. (b) Photocurrent image of wells filled with pH 7 buffer solution. (c) 












































A microfluidic channel structure for dispensing and separating a solution into different wells 
on the multi-well sensor plate was demonstrated. The microfluidic channel was fabricated 
with a double-side tape, one side of which was bonded with the sensor surface substrate and 
the other side of which was bonded with an ITO glass for electrical contact. 
As a result, it was possible to dispense and separate the solution into the wells and to obtain 
a chemical image. By increasing the number of wells connected with a microfluidic channel, 
this structure is expected to be applicable to cell counting. When the cell suspension is 
sufficiently diluted so that each well contains either no cell or a single cell at most, the  count 






















In this thesis, a new structure of a LAPS sensor plate has been developed based on 
semiconductor fabrication processes, for example anisotropic wet etching, photolithography 
and thermal processes. This thesis discusses the performance improvements of LAPS for 
chemical imaging and applications for multi-well sensor arrays, especially in relation to the 
spatial resolution and the measurement speed. A partially-etched structure of LAPS was 
fabricated using anisotropic wet etching in TMAH solution for high-spatial-resolution and 
high-speed imaging of chemical species. Its applications to measuring multiple biological 
samples on a same sensor plate are also proposed. The enhanced characteristics of the sensor 
plates would be advantageous in quantitative analysis in different applications of 
environmental detection, clinical diagnosis and drug screening platforms.  
Firstly, a partially-etched sensor plate of LAPS was fabricated based on an anisotropic 
etching process in 25 wt.% TMAH to realize high-resolution and high-speed measurement 
while maintaining its mechanical strength. This structure has improved the spatial resolution 
of the 47-μm-thick etched region to 20 μm in comparison to 40 μm in the 150-μm-thick frame 
region. The etched region was proved to have a high potential to visualize small structures on 
the sensing surface. The frequency bandwidth was enlarged by a factor of more than 10  and 






contribute to a new approach for high signal-to-noise ratio, high-spatial-resolution and high-
speed measurement.  
Secondly, a multi-well LAPS sensor plate was developed, which functions as an integrated 
array of pH sensors. Due to multiple wells on the sensing surface, this developed sensor is 
capable of measuring a plurality of sample solutions on a single sensor plate without the need 
for additional multi-chamber structures, e.g., in biomedical applications, where a plurality of 
biological samples must be incubated under the same conditions. At the bottom of the well 
structure, a test pattern with a minimum width of 19.9 μm was visualized. The sensor is 
capable of high-resolution chemical imaging inside the well structure, which can be applied, 
for example, to quantification of metabolic activities and imaging of biological samples 
incubated in the well structure. A wider frequency bandwidth of up to 200 kHz for the sensor 
signal was obtained in the well structure, which is suitable for recording high-speed 
measurement and chemical imaging at high frame rates. It is possible to visualize different 
pH values based on the relative photocurrent change after the calibration of the flat-band 
voltage. 
Thirdly, the application of the developed sensor plate was discussed. The developed multi-
well LAPS plate was applied to measure the metabolic activity of E. coli bacteria. Here, 
solutions with different concentrations of E. coli were measured for 8 hours in different wells 
on the same sensor. The pH values of solutions with E. coli decreased due to the extracellular 
acidifications. The doubling time of E. coli was estimated by determined to be 26 min. A 
closed system was developed to prevent the evaporation of water during the incubation and 
the measurement of multiple samples in for about 8-10 hours. This result can enhance 
biochemical applications, where measurement of a plurality of samples with small volumes 
of solutions is required. 
Finally, a microfluidic channel was designed and cut from an 80-μm-thick double-side tape 
sandwiched between an ITO glass and the sensor plate. This design enabled automatic 
dispensing of liquid samples into different wells on the sensor. This result enhances an ability 
of a real-time and accurate cell detection method with a compact and disposable chip. 
The sensor structures developed in this thesis can be applied to measurement of a plurality 
of samples on the same sensor plate with higher efficiency and higher resolution. For example, 
each etched region can be isolated as an independent sensor, as if, we have multiple sensors 






activities and imaging of biological samples incubated in the well structure. This result 
enhances biochemical applications that requires measurement a plurality of samples with 
small volumes of solutions on a same sensor plate. This sensor structure also showed an 
improvement of frequency bandwidth, which can reduce the measurement time and increase 
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